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STATE  OF  THE  ART  IN  FIBER  OPTICS 
COMMUNICATIONS  AND  DATA  TRANSFER 


1 INTRODUCTION 


Background 

In  iclciiI  years,  eoniiminications-relaled  engineering 
has  devoted  eonsiderable  eltorl  lo  inlormation  trans- 
mission media.  Ilie  incieased  use  ol  computers  requires 
bioadband  data  links  lo  ineel  the  demand  lor  high-speed 
data  handling.  Coordination  ol  today's  more  complex, 
highly  integrated  military  operations  places  greatei 
demands  on  the  communications  systems  used.  As 
technology  has  grown  m military  weapon  control  sys- 
tem racililies,  aulomaled  monitoring  and  controlling 
ol  all  aspects  ol  the  I'acililies'  operalion  have  been 
developed.  The  Corps  of  Lrigineers  has  an  expanding 
need  lot  improved  methods  of  data  and  information 
handling  in  this  and  similar  facility  construction  areas. 

Alternatives  available  for  broadband  communica- 
tions links  are  limited,  and  some  links  considered  broad- 
band m the  past  will  he  inadequate  for  future  needs. 
All  alternative  which  has  been  extensively  investigated 
III  recent  years  is  the  use  of  light  in  optical  communi- 
cations links.  Allhougli  development  of  the  laser  has 
expanded  possiblilies  for  optical  communications, 
atmospheric  optical  links  are  weather-dependent  and 
iherelore  unreliable  except  for  short-range  links.  The 
optical  I'lhei  IS  a means  ol  guiding  a light  signal  and 
circumventing  dependence  on  weather  and  line  ol 
sight. 

I iher  optics  aie  curienlly  being  studied  by  a variety 
ol  military  communications  applications.  Ihe  I'.  ,S. 
Aimy  I lectionics  Command  is  investigating  liber 
optics  tiom  an  oveiall  cominunications  standpoint  lor 
military  o|H-i.itions.  and  the  Navy  and  An  f orce  are 
investigating  airborne  and  vhiphoaid  applications  ol 
ofilical  libels  (ise  ol  libei  optics  lot  undersea  cables, 
satellite  and  spaceship  applications,  haltlelield  appli- 
cations,  electiomagnelic  pulse  (1  Ml’)  ciicumvention. 
and  riiaiiy  other  applications  is  also  being  examined. 

As  pait  ol  the  oveiall  mvesligallon  ol  liber  optics 
niiliiaiy  communicalioiis  a|iplicalions.  the  C S Aimy 
( onsliiicllon  I ngmeeimg  Keseauh  I aboialoiy  (Cl  Kl  I 
IS  stiulying  s|iecifu  problems  lelaled  lo  ( oips  ol  I n 
gmeers  mililaiy  coiisliuclion  applications,  such  as  the 
relaying  ol  tacility  monitor  and  control  inlormation  in 


I MI’-haidened  facilities,  storage  and  handling  aieas  loi 
explosives  and  highly  llammable  materials,  and  areas  ol 
intense  electromagnetic  interlerencc.  To  begin  this  re- 
search. an  assessment  of  the  capabilities  and  near-term 
expected  advancements  in  liber  optics  technology  is 
needed. 

Objective 

The  objective  ol  this  study  was  to  summari/.e  the 
current  state  of  the  art  in  liber  optics.  The  summary 
was  to  show  capabilities  of  currently  available  libers 
and  related  components  and  to  examine  predicted  near- 
term  usage  ol  liber  optics  data  links  by  assessing  cur- 
rent research  and  development. 

Approach 

A three-step  approach  was  used  m assessing  the  state 
ol  the  art  m liber  optics. 

1 . A literature  search  was  conducted. 

2.  Other  (iovernmeiit  agency  work  was  surveyed. 

3.  Summaries  of  reseaich,  development,  and  availa- 
ble products  were  obtained  from  liber  optics  manu- 
facturers. 

The  literature  search  involved  automated  searches  of 
Defense  iXicumentation  Center  ( DIX  ) reports.  National 
Technical  Inlormation  Service  (NTIS)  reports,  and 
papers  (pnmaiily  Irom  journals)  listed  in  the  Engineer- 
ing Index  * In  addition,  reports  from  the  I iher  Opti^ 
Information  f.xchange  Ijbiary  Program  sponsored  by 
the  Naval  l-.lectromcs  laboratory  Center  were  lequesled. 
and  recent  )ournals  were  scanned  Keadmg  and  sum- 
mari/ing  the  tremendous  number  ol  reports,  articles, 
and  papers  dealing  with  liber  optics  was  impossible, 
hut  the  reterence  list  at  the  end  of  the  report,  allhougli 
It  IS  by  no  means  a complete  listing,  should  assist  the 
reader  in  obtaining  additional  inlormation. 

Olhei  lioveinment  agency  woik  was  surveyed  pri- 
inarily  by  an  automated  work  unit  summary  provided 
by  DIX'.  which  includes  only  Department  ol  Delense 
(DOD)  sjionsoied  research  and  development  (K&D) 
.Some  mm  lHil)  (>oveinmenl  research  was  summaii/ed 


*fhi»  xrjnh  »»(  i nittnoerin^  Index  hxicd  pjfHTs  wjs  per 
tormetl  hy  (hr  Syxiem  Drvriopiiieni  ( (irpor^dtin  International 
Seanh  Service  Hevauseot  the  larKC  number  ot  relercncev related 
r<»  niH’r  iipritv  only  rh«»xc  relatim;  U>  lil>ef  opdev  coin 

municalionv  are  included  m the  retereryce  lixt  at  the  end  ol  the 
report 

. ^ . - Xs 
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I'\  Miivi'\  iM(;  |H'iiihIk'.i1s,  lull  iIk’  lisliiifis  in  lliis  .iic.i  .iii' 
in>l  I iiiii|ili'U'  SiMiK'  .issisl.iiKi'  III  Miinin.iii/iiin 
i'll<nls  «.i.s  iihl.niK'il  lliiiiiif;li  (cli'|>lii>iH'  c<>iil.icl.'>  iiinl 
In  ;i  viMi  lo  ilii.'  Niiviil  1 lociioniL's  l^boriitory  Coiiici. 

U'llcts  ic(]iicslmg  inloi million  on  avuiliiblc  liber  op- 
lies  liaulwnrc  were  seni  lo  maiuitaeliirers.  Appendix  A 
Miininaii/es  the  inlormaiion  oblained.  Some  manulac- 
liiieis  piovided  additional  inroimation  eoneerning  R&l) 
nliieh  they  are  eiirrently  perlorming. 

Scope 

Ibis  lepoil  IS  intended  lo  piovide  a summary  ol  the 
slate  ol  the  ail  in  libei  optics  conimiinicalions  as  re- 
laleil  lo  Ainiy  ('oips  ol  I iigineers  military  conslruc- 
lion  applicalions  ll  is  wrillen  lo  provide  general  inloi- 
malion  lo  those  who  may  not  be  knowledgeable  in  tins 
leclinological  area  and  is  lliereloie  iiol  a highly  Icelini- 
cal  dociimenl.  It  is  primarily  directed  toward  data 
liansmission  applications  and  does  not  include  applica- 
tions in  image  iranster,  ilisplays,  fiber  scopes,  inspec- 
tion devices,  special-purpose  lighting,  etc. 


2 DISCUSSION  OF  FIBER  OPTICS 
STATE  OF  THE  ART 


Principles  of  Fiber  Optics  Operation 

l iber  optic  theory  is  based  on  transmission  ol  light 
by  a small  threadlike  glass  oi  plastic  fiber  which  uses 


the  pimciplc  ol  total  mlcnial  lellcclion,  oi  loi.d  con- 
Imcmcnl  ol  ,dl  hglil  piopag,ilmg  in  llic  libei  I ibcis,iic 
l,il'iic,ilcd  III  two  (lillcicnl  ways,  which  icsiill  in  Iwo 
dirieicnl  libel  types  Ibe  slep-iiulcx  aiul  giailed-mdex 
fibeis. 

I he  step-index  liber  is  labricated  with  Iwo  dislincl 
materials  as  the  fiber  core  and  cladding:  the  cladding's 
index  ol  retraction  is  lower  lhan  that  ol  the  core.  I be 
fibers  are  made  so  that  intimale  contact  exists  between 
the  core  and  cladding. 

When  a light  lay  propagates  ihrougli  a liaiispaieni 
maleiial  and  reaches  a boiindaiy  with  a maleiial  having 
a dilTerent  index  ol  relractioii,  the  light  lay  isbenl.as 
illustrated  in  l iguie  I.  II  the  second  inalenafs  index  ol 
relractioii  is  lower  than  that  ol  the  I'lrst  material,  the 
incideni  angle  0 is  greater  lhan  the  angle  0.  In  oilier 
words,  the  light  ray  is  bent  toward  Ibe  dielectiic  inter- 
lace, II  the  incideni  angle  0 is  made  smaller,  as  illus- 
trated in  the  figure,  a critical  angle  at  which  the  ray 
will  he  bent  parallel  to  the  inlerlace  is  leached.  .At 
angles  smaller  than  the  critical  angle,  the  rays  will  be 
rellected  from  the  interface.  Thus,  if  the  dielectric 
interface  is  the  interface  between  the  core  and  cladding 
of  an  optical  fiber,  all  light  propagating  in  the  fiber 
core  will  be  totally  internally  rellected  if  all  internal 
rays  are  incident  at  angles  less  than  the  critical  angle. 

The  critical  angle  for  total  internal  rellection  in  the 
fiber  is  further  related  to  a maximum  acceptance  angle 
for  liglit  incident  on  the  end  of  the  fiber.  As  shown  in 


K 
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I igiiic  2.  Iiplil  inculciit  on  llie  liher  cikI  oI  angle  ll„  is 
rctiaticil  away  troin  the  air  liber  inlerlace  at  an  angle 
0^  relative  to  the  eoie-clarUlittg  mteitaee.  A inaxirnurn 
angle  exrsts  iituler  which  all  internal  rays  will  be  inci- 
dent on  the  core<laddirig  iiileilace  at  less  than  the  cri- 
tical angle  I his  rnaxiinuin  angle  Is  defined  by  the 
relationship 

I 

(N;  N^)l/2  IN  M 

No  ' 

where  = inaxiiniim  acceptance  angle 

No  = index  ol  retraction  ol  exterior  medium  at 
liber  end 

N'l  = index  ol  reliaclion  ol  the  liber  core 

Ns  = index  ol  retraction  ol  the  liber  cladding. 

It  the  exterior  medium  is  an.  then  No  equals  I and 
sin  d„,  has  been  delined  as  the  Numerical  Aperture 
(NA)  of  the  liber.  The  NA  is  an  important  parameter 
111  liber  design,  since  it  is  related  to  efficiency  of  coup- 
ling light  into  the  fiber. 

The  NAs  of  currently  available  fibers  vary  from 
about  0.10  to  nearly  0.66.  Actually,  fibers  have  been 
made  using  a lused  silica  core  with  an  index  of  refrac- 
tion of  1 .457  and  a doped  silica  cladding  with  an  index 
of  1 .456,  yielding  an  N A of  0.05  and  a resultant  accep- 
tance angle  of  2.9  degrees.  The  NA  of  0.66,  however. 


gives  an  acceptance  angle  of  41  3 degrees,  which  makes 
coupling  light  into  the  fiber  easier.  Thus,  the  acceptance 
angle  and  core  diameter  determine  the  ease  with  which 
light  IS  coupled  into  the  filler. 

In  the  graded-index  or  self-focusing  filler,  instead  of 
two  distinctively  separate  materials  for  core  and  clad- 
ding, a dopant  material  is  diffused  into  the  fiber  from 
the  outside,  the  index  of  refraction  thus  varies  with 
radial  location  in  the  fiber.  In  this  fiber,  the  propagat- 
ing rays  are  gradually,  rather  than  suddenly , bent  back 
toward  the  fiber  axis. 

firaded-index  fibers  are  manufactured  using  an  ion 
exchange  method  to  establish  the  varying  index  of  re- 
fraction. One  method  of  manufacture  is  to  dip  the  glass 
fiber  in  molten  salt  at  a high  temperature,  during  this 
process,  ions  in  the  fiber  are  replaced  by  those  of  the 
salt  bath  througli  thermal  diffusion.  The  magnitude  of 
ion  exchange  varies  with  radius,  and  thus  a graded- 
index  of  refraction  is  developed  in  the  fiber.  Due  to 
the  gradual  change  in  index  of  refraction,  the  fiber 
does  not  rely  on  total  internal  refieclion  lot  light 
propagation,  but  instead  acts  as  a lens  and  focuses 
the  liglil  tays  to  the  center  of  the  fiber. 

Graded-index  manufacturers  claim  several  advan- 
tages, including  the  following 


q 


1 . Due  to  the  focusing  action  of  the  graded-index 
fiber,  fewer  inodes  propagate  than  in  a step-index 


mullMiuii.lc  Tiber.*  aiul  lluis  less  pulse  spreadlirfl  and 
eiealei  baiuUsullli  can  he  allained.  ( Hus  propeily  is 
diseusseil  MKiie  lully  in  llie  Optical  I'iber  Paraiiielers 
seclu'ii  I 

' I III'  linusiiie  .leliiin  ol  llie  piarleil-uulev  lihei 
,ilsi>  .illnccs  il  111  be  liv'd  In  li.iiisiiiil  iiii.ipes  Willi  step 
Hides  libeis.  enbeieiil  bundles  ol  liiindieds  ol  libeis 
iiiiisi  be  used  lo  liaiisinil  a single  pieliire  elenieiil. 

t llie  polenlial  loi  ledueiilg  al leiliiatiDii  is  good, 
siiiee  llie  alleniialion  due  lo  scalleiing  Iroiii  nnpei- 
ledions  .11  llie  eoie-elad  inleilaee  is  eliiiiinaled. 

4 In  slioii  lengllis.  llie  polaii/alion  oT  light  is 
mainlained  to  a tiigli  degree. 

Types  of  Optical  Fibers 

f ibeis  are  iiiariiilaetiired  in  a variety  of  eonligura- 
lioiis  lot  dilTeteiil  appliealions.  Categories  by  wliieli 
libeis  can  be  elassilied.  in  addition  to  the  step-index 
vs  graded-index  elassiTieation  discussed  in  the  previous 
section,  include. 

1 Material  type 

2.  I ligli  loss  vs  low  loss 


*1  inlil  eneriry  imrpayates  in  an  uplieal  tiher  in  esaelly  lire 
same  manner  Ural  taJio  lrei|uency  IRI  ) eneriiy  propaiiales  in  a 
metallic  rvaveyuiJe  In  inullmimle  Tibers.  however,  llie  wave- 
lemrlli  ol  Ihe  piopatiaimg  liylil  is  normally  much  less  than  ihe 
di.imeter  ot  Ihe  litter  In  oriler  tor  eneriiy  to  propa>iate  in  a 
sCuo'emcle.  componenis  ol  both  Ihe  electric  anil  mapnelic 
lielcls  niusi  be  perpendicular  to  the  direction  of  propayation. 
Ibis  condition  can  be  achieved  with  many  dtllercnl  lield  pat- 
terns within  the  waveeuide.  Itiev  ditt'ereni  field  patterns  are 
I ailed  modes. 

In  yeneral.  there  ate  Iwo  kinds  ol  modes  In  one  kind,  the 
electric  held  is  always  predoininantly  Iransverv  to  the  direc- 
tion ol  propayalion.  this  type  ol  inode  is  called  transverse 
electric  (II  I In  the  other  kind,  called  Iransverv  magnetic 
( IM).  Ihe  magnetic  held  vector  is  predominantly  transverv 
to  Ihe  direction  of  propayation  Mode  orders  are  desiynaled  by 
the  number  ol  liall  wavelenyth  variations  of  Ihe  transverv 
held  component  which  exist  aeros.s  the  waveyuide  dimension. 

Cacli  propayatiny  mode  has  a culoll  wavelenylh  (Ihe  wave- 
lenyth  al  which  attenuation  sharply  mcreavs)  determined  liy 
the  waveyuide  dimensions.  Many  modes  will  propayale  in  hirers 
haviny  a fiber  diameter  which  is  larye  compared  lo  Ihe  wave- 
lenylh II.  however.  Ihe  Tiber  is  sufficicnily  small,  only  a sinyle 
inode  will  propayale  in  the  Tilvt.  with  all  other  modes  being 
beyond  Ihe  cutoff  wavelenylh. 


Siiiglo-inotlc  vs  iiiiilliiniKje 

4 Single  Tibci  vs  bunillcs 
Malcruil  Tvfh- 

Sniiii'  III  till'  nulc'iuls  use'll  aic  glass  ( iiic liuliiig 
i|iiail/l.  plastic,  .mil  ciiiiibiiiahoiis  ilicicul.  iii  .iilililinii 
III  vaiiiius  iliip.iiils  III  .illci  ills'  iiiilc's  111  U'li.ichmi  Ti 
bc'is  having  a gl.iss  sleeve  willi  g.is  ui  licpiiil  cmi'  li.ise 
been  niaili',  bill  .iie  mil  cuinmeiciully  available. 

I’liie  liiseil  silica  (SiOs)  is  a ciiiiiinnn  iiialeiial  Im 
low-loss  libeis.  Il  is  one  ol  ilie  Tew  iiialetials  winch  can 
sohclily  in  the  inolleii  state  anil  leinain  in  Ihe  ainoi- 
plioiis  (nonciyslalliiielslale.  Its  melting  poinl  ol  I 72.V  ( 
makes  it  very  clillicull  to  wink  willi.  The  jclclilnni  ol 
soila  (NasH)  loweis  the  melimg  iromt  but  does  noi 
make  a durable  glass.  Addition  ot  lime  ((  aO.  usually  in 
the  form  ol  limestone  Ca(  (Jy ) as  well,  however,  adds 
strength  and  provides  a durable  glass.  This  soda-lime 
glass  used  in  making  optical  Tibers  is  also  the  material 
commonly  used  in  bottles,  drinking  glasses,  windows, 
etc. 

Boron  (in  the  form  of  BsOy)  is  among  the  various 
dopants  used  to  alter  the  index  of  refraction  ol  glass. 
Adding  boron  to  silica  lesults  in  a glass  ol  low  thermal 
expansion,  this  glass  is  commonly  used  in  making  heat- 
resistant  Items  such  as  ovenware.  Borosilicale  glass  has 
an  index  of  refraction  ranging  from  1 dS.x  lo  1 4(i2 
depending  on  the  amount  of  dopant  used.  Since  the 
boron  atom  nucleus  has  a large  cross  section*  lo  neu- 
tron radiations,  Tibers  using  this  material  have  a low 
degree  of  hardness  foi  nucleai  environments. 

Lead  (in  the  loriii  of  Pbf)),  another  dopant  used, 
yields  a high  index  of  refraction  ranging  upward  from 
1 (r,  dei'iending  on  overall  composition.  It  is  therefore 
sometimes  used  in  the  core  of  optical  tibers  when  a 
high  N.A  is  desired.  lx'ad-do|red  silica,  however,  has 
higher  attenuation  than  boron-doped  silica  due  lo 
higher  scalleiing  losses.  In  addition,  lead-silicate  fibers 
are  susceptible  lo  ioni/ing  nuclear  radiation, 

Quart/,  which  is  Ihe  crystalline  form  of  silica,  has 
seen  some  usage  in  optical  libers.  The  index  of  refrac- 
tion of  fused  quart/  ranges  from  1 .425  to  I 45(>.  ('oni- 
mereial-grade  fused  quart/,  such  as  Optosil  I and  lloni- 
osil  inanufaciured  by  Amersil,  Inc.,  is  available  lor 
making  optical  libers.  However,  fused  silica  is  usually 
preferred  over  fused  quart/  in  fabricating  low-loss 

* riic  cross  vetion  of  a nucleus  is  a quantily  reprcvnliny 
the  probability  of  inciileni  neutrons  inleractiny  with  (he 
nucleus. 
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lit'ors,  biwuiso  liisctl  i]uarl/  lias  a liiglici  mipiiiiu 
soncailiatu'M.  icsullinn  in  liijjlior  spcclial  losses  I oi 
iiislanee  Opiosil  I lias  a spcelial  loss  ol  12.1  ilH  kill, 
aiul  lloniosil  has  a loss  ol  I 1.2  dll  km,  wlieicas  lused 
siliea  malciials  siieli  as  Siiprasil  1 aiul  .Siiprasil  \k  I (also 
maiinlactiucd  by  .Amersil.  Inc.)  have  spcciral  losses  ol 
b and  5 dlbkiii.  lespectively. 

Several  niaiinlacinrers  ol  low-loss  libers  use  a pure 
silica  core  wilh  plastic  cladding,  wilh  the  plastic  essen- 
tially boiideil  to  the  core.  Various  plastics,  mchidnig 
polystyrene  and  acrylic,  arc  also  used  in  making  all- 
plaslic  libers  (ienerally.  these  libers  are  lelalively 
high  in  loss,  although  Du  Pont  has  developed  plastics 
which  have  vastly  reduced  losses  compared  to  those  ol 
the  acryhc-polystyrene  libers. 

//r.e/r  /.O.V.V  I'v  /.om  /.o.v.v 

When  classilynig  fibers  by  losses,  two  categories  are 
generally  used  high  and  low  althougli  some  maiuirac- 
lurers  also  classify  fibers  as  medium  loss.  No  standard 
has  been  developed  to  dellne  the  bieikpoints  between 
high  and  low  loss.  In  this  report,  fibers  with  losses  ol 
less  than  >0  dU'kin  are  classilled  as  low  loss  (ienerally, 
the  low-loss  libers  are  single  strand,  low  numerical 
aperture,  with  a small  core  diameter.  Since  acceptance 
angle  and  core  diameter  determine  the  ease  ot  coupling, 
some  of  the  advantages  of  the  fiber's  low  loss  are  olfset 
by  coupling  losses. 

UiillimnJc  r.v  Siiii;lc  MeJe 

In  multimode  libers,  the  liber  core  diameter  is  orders 
of  magnitude  larger  than  the  waveletigth  of  light  propa- 
gating through  it.  In  stnglc-mode  fibers,  the  core  is  on 
the  order  ol  2.5  to  3 gim.  or  just  a few  wavelengths,  in 
diameter.  The  primary  advantage  of  the  single-mode 
fiber  is  increased  bandwidth.  In  the  multimode  liber, 
many  modes  will  propagate,  each  having  a different 
velocity  ol  piopagation.  I hus.  a pulse  of  light  transmit- 
ted by  the  fiber  will  be  broadened  due  to  the  variation 
in  the  modes'  propagation  times.  The  pulse-spreading 
effect  reduces  the  elfeclive  bandwidth  of  the  liber.  In 
contrast,  if  only  a single  mode  will  propagate,  the 
bandwidth  will  not  he  limited  by  the  liber,  but  by  other 
system  components 

.S'//ig/c  l■'lht■r  I N Hundtes 

fibers  can  be  used  singly  or  in  bundles.  Some  bun- 
dles use  up  to  several  hundred  fibers  enclosed  m a pro- 
tective jacket  In  such  a bundle,  the  individual  fibers 
arc  generally  very  small  in  diameter,  thus  enhancing 
Ilexibility.  'I he  use  ol  many  fibers  increases  usable  light 
injection  area  and  allows  for  improved  coupling  effi- 


ciency, in  addition,  available  bundles  have  a large  N.A 
to  lliilhcr  enhance  coupling  elliciency .(  uriently  avail- 
.iblc  bundles  with  more  than  50  liliers  ate  m ihe  higii- 
loss  category,  with  losses  of  near  400  dH'km. 

Optical  Fiber  Parameters 

This  section  lists  parameters  which  determine  the 
a|iplicability  ot  optical  liber  links  m various  areas  and 
discusses  their  importance  to  optical  communications, 
rile  current  state  of  the  art  is  given  tor  each  paranielei 
and  an  attempt  is  made  to  forecast  luture  improvemenis 
obtainable  m each  area. 

Allcnualion 

.Attenuation  is  the  amount  ol  light  transmitted  by  a 
liber  relative  to  Ihe  amount  ol  liglil  accepted  by  it.  I oi 
applications  where  bandwidth  is  not  a lactor,  the  at- 
tenuation determines  a maximum  length  lor  a com- 
munications link  lor  given  light  transmission  and  detec- 
tion systems. 

Two  principal  mechanisms  contribute  to  losses  in 
fibers:  absorbtion  and  scattering.  Absorblion  in  the 
near-infrated  wavelength  region  is  aUrihutahle  to  the 
transition-metal  ions  and  to  the  hydroxyl  ion  (OH  ). 
('urrent  manut'acturing  techniques  can  keep  the  glass 
purity  to  a few  parts  per  billion  (ppb)  of  the  transition 
metal  ions.  One  ppb  ol  these  ions  will  contribute  less 
than  I dB/km  attenuation  to  an  optical  fiber,  the 
hydroxyl  ion  contributes  about  I dB'km  for  a concen- 
tration ol  I ppm  (part  per  million).'  The  hydroxyl  ion, 
however,  causes  attenuation  in  a relatively  narrow  band 
centered  at  approximately  b50  nrn. 

Scattering  is  caused  by  inhomogeneous  malenals. 
shape  imperfections,  and  bends  in  the  optical  wave- 
guide. The  losses  due  to  waveguide  imperfections  and 
bends  can  be  small  In  a study  of  the  overall  losses  which 
might  ultimately  be  obtained  from  optical  fibers.  I’m- 
now  ct  al.2  have  shown  that  losses  as  low  as  1 .2  dB  km 
at  1 ,0(>  /am  can  be  obtained  for  pure  fused  silica,  which 
is  believed  to  be  one  of  the  lowest  loss  materials  for  the 
optical  fiber.  This  figure  was  obtained  as  the  intrinsic 
loss  of  the  material  In  its  purest  form  yet  derived.  .Some 


'1.  1.1,  ''.Advances  in  Optical-l  iber  Itansmission  Kc 
searcli."  Symposium  on  Optical  and  Acoustical  \licro-Hci 
ironies,  .April  IV74  (Polytechnic  Press  ol  llu-  PolyleOinu 
Institute  ol  New  York,  19751.  pp  97-IIIX. 

^1)  A.  Pinnow  el  al.,  "I  undanicnlal  Optical  \tleniialion 
l.iinits  III  the  Liquid  and  Olassy  .Slate  Wilh  Application  lo  I i- 
lier  Optical  W'aveyuide  .Materials,"  Applied  f’hisics  l.cllcrs, 
Vol  22  (May  15,  197.3)  pp  527-529 


sliglil  inipriivx'mciils  may  liavo  acliicvoil  since  tins 
work  was  eompleieil  in  Ultiinalcly.  I’itieis  will 

|iiohalily  be  iiiasle  with  losses  lowei  than  tins,  bin  l.ii 
the  nniiieiliale  liilnie.  tins  apiieais  lo  be  about  the  best 
that  sail  be  espeeleil. 

In  sioekeil  eoinineieially  available  lilleis.  the  best 
alleiuiaiion  latinj:  obtainable  is  b dll  km  as  advetlised 
toi  ( iiinini;  (dass  Woiks  Piodnets  115b  and  1157. 
Hotli  tibers  are  ol  the  tnaded  index  type.  Cornini'  also 
advertises  lhat  they  can  supply  libeis  with  losses  as 
low  as  dlt  km  I woollier  mamilaeniieis  have  stoeked 
koinmeiually  available  libeis  very  close  lo  the  (>  dll  km 
lalinp,  and  a total  ol  live  I .S.  maniiraclnrets  have 
commeicially  available  fibers  with  less  than  20  dH  km 
attenuation. 

Single-mode  libers  with  attenuation  ol  250  dB/kni 
are  commercially  available  Irom  1 iber  Communicalions, 
Inc. 

By  way  ol  comparison,  coaxial  cable  such  as  K(i-S, 
which  has  an  outside  diameter  ok 0.4d0  in.  ( 1 2.4  mm), 
has  an  attenuation  of  b2  dB  km  at  100  mil/  and  IS 
dB  km  at  10  mil/  for  state-of-the-art  coaxial  cables,  a 
5-in  ( 127.0  mini  diameter  cable  is  required  lo  obtain 
losses  of  less  than  1.2dB,/kmal  100  mil/. 

HjIhlwlJlIl 

Bandwidth  is  a measure  of  Irequency  spectrum 
width  which  the  libei  is  capable  of  transmitting.  In 
many  communications  links,  this  is  a most  important 
lacior.  since  it  determines  the  link's  information  trans- 
let  tale  capability.  In  tins  area,  the  optical  fiber  has 
greater  potential  than  conventional  coaxial  cables. 
Ollier  transmission  media,  or  even  waveguides.  Reduc- 
tion ol  dispersive  elfecis  and  resultant  increase  in  infor- 
mation bandwidth  are  high-priority  goals  In  optical  fiber 
lesearch.  Toward  this  end.  work  is  being  concentrated 
on  the  graded-index  and  single-mode  fibers.  ( I he  poten- 
tial foi  optical  fibers  has  been  staled  to  be  as  great  as 
1 00  gigabils/sec.’  I 

I he  bandwidth  of  an  optical  fiber  is  related  to  the 
pnlse-broadening  elfeci  B.indwidlh  is  normally  speci- 
fied at  the  optical  power  1 dB  points.  Corning  relates  a 
2 nS  pulse  spreading  half  maximum  to  a 200  mil/ 
handwidlh  and  a 2.1  mS  pulse  spreading  hall  maximum 


•*1  McDerinotl.  “I clcplnme  amt  Dala  ItansmisMur  via 
I il>er  Optus  Is  Hcinir  I’ushcd."  /■/(■(/romr  Disinn,  Voi  K 
t April  I 2.  l^Tb).  pp  42-47 


lo  a 20  mil/  bandwidth  I’ulse  spieading  is  saiiseil  by 
seveial  taclors  generally  called  dispersion  Dispeision 
occurs  due  lo  diflereni  portions  ol  the  tiansnntlekl  light 
signal  propagating  at  difleieiil  velocities  ( )iie  dispei  sive 
elleci  IS  due  lo  dilteieni  path  lenglhs  in  the  libei  \ 
hghi  i.iv  li.ivehng  on  ihe  libei  axis  will  ariive  at  the 
libei  leceivmg  end  belore  a lay  that  is  bouncnie  liom 
one  snle  ol  the  core-cladding  nileil.ice  to  the  olhei. 
Tven  though  a ray  may  be  launched  lo  propagate  directly 
on  the  axis,  some  energy  disperses  into  telledive  p.iths 
line  to  beiuls  and  mipei leclioiis  m Ihe  libei.  Since  the 
lellecleil  lavs  (Tigiiie  'I  li.ivel  lailhei  ih.in  the  dneii 
lay,  they  arrive  at  the  receiving  end  id  the  libei  at 
dilleient  times  Ihns.  a pulse -spreading  elleci  ocxuis 

.■\nother  cause  of  pulse  spreading  is  l'-  wavelengih 
dependence  of  the  velocity  ol  propagaln  ti  ol  light  m 
Ihe  fiber.  Thus,  if  the  .source  used  is  not  ol  a single 
wavelength  ( monochromatic |.  pulse  spreading  will 
occur.  Since  lighl-emiltmg  diodes  (L.T.D)  emit  a rela- 
tively large  spectral  width  ol  light,  fiber  optic  links 
using  l.T.Ds  will  have  less  information  bandwidth  than 
links  using  single  wavelengih  laser  sources  ( I se  ot  1 1 Ds 
and  lasers  with  optical  fibers  is  discussed  in  the  Inter 
facing  Fiber  Optics  With  tiecironics  section.  1 

A third  source  of  pulse  spieading  is  vaiiatioiis  m the 
velocity  ol  propagation  of  the  different  modes  ol  mul- 
timode libeis.  In  the  cuireni  commercially  available 
multimode  libei.  many  modes  (up  to  several  hundiedi 
will  propagate.  While  the  single-mode  liber  has  a core 
diameter  on  the  order  of  a few  wavelengths  ol  the 
light  being  transmitted,  multimode  fibers  have  core 
diameters  several  lens  of  times  greater  than  wave- 
length. Maurer'*  has  defined  a relationship  which  defines 
the  diameter’s  limit  (vl  for  single-mode  step-index 
fibers: 

(fjAr))l/2  |l  q2| 

where  r = core  radius 

X = free  space  wavelength 

rj=  the  avera.ge  retractive  index  of  core  and 
cladding 

At;  = the  difterence  in  refractive  indices  between 
core  and  cladding. 


K I)  Mjurcf.  "(ilavs  Hhers  tof  Optual  ('onuminK.iluvn. 
/hth  ProircJinns.  Vitl  61.  No  4 (,\pnl  1^73>.  pp  452-46-. 
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I ot  values  ol  V below  approximately  2.4,  the  fibers 
propagate  only  a single  mode. 

It  a single-mode  fiber  is  driven  by  a monoeliromatie 
light  source,  the  only  ma|or  source  of  pulse  spreading 
IS  inultipatli  and  waveguide  imperfections.  Manufactur- 
ing processes  are  such  that  these  spreading  effects  can 
be  kept  small.  It  has  been  predicted  that  fibers  can  be 
maiiufactured  which  will  be  capable  of  information 
bandw'idlhs  as  high  as  lO"  bits/sec/km  (requiring  a 
bandwidlli  ol  50.1)00  mil/, 'km). ^ Of  those  available 
i-oinmercially.  the  bandwidth  obtainable  varies  from  20 
mil/, km  tor  Corning  1025  and  102b  fibers  to  400 
mil/  km  for  Corning  1 155  and  1 15*f  fibers. 

Another  type  of  wideband  fiber  in  addition  to  the 
single-mode  fiber  is  the  graded-index  fiber.  In  these  fi- 
bers. the  variation  in  index  of  refraction  versus  radius 
introduces  a coniperisalion  (actor,  coriipensatiiig  ( to  a 
degree)  for  variations  in  mode  velocity  (or  in  multipath 
lengths).  It  has  been  determined  that  the  index  of  re- 
Iraclion  gradient  relative  to  fiber  radius  is  critical  to 
optiini/ing  bandwidth  when  a narrowband  source  is 
used.^  The  optiinuin  index  profile  has  been  deierittiried 
to  be  approximately  parabolic,  figure  4 shows  band- 
widths  which  can  be  expected  versus  the  index  gradient 
parameter  i*  lire  quantity  a tor  graded-mdex  fibers  is 
defined  in  the  expression 


T)5(r)  = t)5(0)  1 1 -^-^f  )“l  M m -M 

where  rj  = index  ot  refraction 

T?(())=  index  of  refraction  at  the  center  of  the  fiber 
r = radial  distance 
A = constant. 

Thus,  if  tt  equals  2.  a parabolic  form  is  realized  f igure 
4 shows  that  an  a value  of  approximately  2.2  is  opti- 
mum for  maximum  bandwidth  and  that  moie  than  10 
gigabits/sec  is  possible  for  monochromatic  sources  and 
a perfectly  straiglrt  fiber  in  1-km  lengths. 

In  currently  available  fibers,  the  state  of  the  art  in 
regard  to  hatrdwidth  is  set  by  the  fiber  Communica- 
tions, Inc.  single-mode  liber.  This  company  claims  a 
bandwidth  capability  of  several  gigahertz-kilometers. 
This  fiber,  however,  has  an  NA  of  0 10  to  0 1 2.  which 
results  in  a maximum  acceptance  angle  of  14  degrees; 
this  angle,  when  coupled  with  the  extremely  small  di- 
ameter(2.5  pm)  of  the  core,  resultsm  very  low  coupling 
efficiency  when  used  with  l.f.Ds.  A laser  source  is  there- 
fore essential  to  improve  coupling  efficiency  to  enable 
usable  light  transmission  levels.  However,  use  of  a laser 
creates  other  problems  which  are  diseus,sed  in  the  Inter- 
facing Fiber  Optics  With  Electronics  sectiotr 


H lliei.iwski,  “l.i»w-t.i>ss  Oplital  WavcguiUes,  Current 
Status,"  Hfiirii Optical  SmIciiis  Dcstun,  Vui  i (April  1973), 
pp  22-2H 

•>K  I)  keik.  / rammission  I'rnpcriirs  oj  Optical  hiher 
Wa\ cnuiJcs,  Reporr  L-l6f>H  (Cuming  (ilass  Works,  1975). 


In  graded-index  fibers,  the  best  commercially  avail- 
able fibers  have  a capability  of  400  mll/km.  as  claimed 
for  Corning  1151,  1157,  1153,  and  1I5‘>  fibers.  In 
step-index  libers,  the  Galileo  Galite  5000  fiber  is 
claimed  to  have  greater  than  100  inH/.-km  banowidth 
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higure  4 liiloniKiIioii-carrying  capacily  as  a tmiL'lioii 
ol  llie  giadienl  parameter  a tor  graded-mdex 
I’itHM 


eapalrdily.  wlueh  is  the  highest  lor  commercially  avail- 
able libers. 

Advantages  and  Disadvantages  of 
Fiber  Optic  Communications 

,\ii  optical  tiaiismissioii  system  using  the  optical 
liber  as  a iraiismissioii  medium  has  advantages  over 
conventional  wiie  and  cable  in  many  areas.  I hese  in- 
clude 

I I he  optical  fiber  does  not  generate  electromag- 
netic iiilerleience, radio  lierpiency  interl'erence  (I  Mf 
Ki  ll,  noi  IS  It  susceptible  to  outside  l-.MI/KH.  Con- 
vripienlly,  the  optical  liber  is  ollen  used  to  transmit 
data  in  intense  electiomagnetic  environments. 

d.  Since  the  liber  diK-s  not  conduct,  complete 
electrical  isolation  is  achieved,  thereby  eliminating 
ground  loop  problems. 

.i  I he  optical  liber  is  much  safer  to  use  around 
explosives  or  highly  llammable  materials. 

4.  I he  optical  libel  is  much  more  difficult  to  tap 
than  a wire  or  cable,  thus  affording  a greater  degree 
ol  security. 


X liie  libel  is  lighter  and  smaller  than  wiie  and 
cable,  and  is  potentially  less  expensive  than  coaxial 
cable 

li  Since  the  Irenuency  ol  light  is  several  orders 
of  magnitude  higher  than  any  carrier  which  can  he 
used  on  wire,  cable,  or  conventional  waveguides,  the 
bandwidth  potential  for  optical  libers  is  greater. 

Crosstalk  is  completely  eliminated  m optical 

fibers. 

Some  disadvantages  of  optical  tibers  are 

I 1 Ol  most  applications,  the  overall  o[i|ical  link  is 
cuirenlly  moie  expensive  than  its  conventional  e(.|uiva- 
lent. 

2,  far  fewer  standard  optical  link  componeiits  aie 
available  off  the  shelf 

.i.  The  optical  link  adds  complexity  m coupling  in 
and  out  of  the  fiber. 

4.  In  some  instances,  liber  Ilexibility  is  less  than 
that  of  cabling. 

Interfacing  Fiber  Optics  With  Electronics 

Optical  Transmitters 

Unlike  conventional  communications  links  winch 
use  w ire  and  cable,  the  fiber  optic  link  does  not  directly 
use  the  energy  transmitted,  but  converts  electrical 
signals  to  light  signals  and  vice  versa.  In  choosing  an  op- 
tical iransnntter.  one  must  consider  its  compalabihty 
with  the  liber  based  on  factors  such  as  liber  geoinetiy . 
loss  spectrum,  bandwidth  requirement,  source-liber 
coupling,  etc.  The  light  source  for  the  optical  trans- 
mitter can  be  one  of  the  following: 

1.  Laser,  solid  state 

2.  I.aser,  gas 

3.  Ijser,  semiconductor 

4 Lfl) 

-S,  Incandescent  source. 

The  solid-state  laser  most  suitable  for  fibei  optic 
links  is  the  Nd:  YAG  laser.  This  coherent  optical  souicc, 
which  can  be  used  with  either  single-mode  or  multi- 
mode libers,  has  several  advaniages. 
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1 ll  i>(X':aies  al  a \^a\olciij:lh  ol  1 0(i  ;am,  wlikli  is 
till.'  wavck'ii>;tli  at  svhicli  a silica  liboi  lias  its  lowest  loss. 

- ll  lias  a iianow  c'liiissioii  spcctial  widili.  thus, 
less  inalerial  ilisfiersion  occuis  iii  the  liber  and  data  can 
he  iransinitled  al  a bijdicr  rale. 

' \ colliniaiod  laser  heaiii  has  a divergence  o(  less 
than  1 niilliradiaii  and  can  iberelore  be  coupled  into 
the  libei  with  close  to  100  percent  eHiciency. 

4 Obtaining  a single  liequency.  single-mode  oulpul 
Itoin  .in  \d  N \(  I lasei  is  easy 

Although  high-powet  laser  sources  aie  usually  bulky 
and  itieMicienl,  .in  .VI  ^.A(<  laser  can  be  rnitiiaturi/ed 
using  a lecliiiKiue  known  asend  puinping  willi  an  1,1  l.v'^ 
lire  disadvantage  ol  a ininialuii/ed  laser  is  liiat  output 
laser  power  ol  10  W or  more  is  reduced  to  2 to  .s  m\V  4* 

A veiy  undesiiahle  leaiuie  ol  the  solid-state  laser  is 
that  It  must  be  used  with  an  external  modulator  In 
choosing  an  external  modulator,  one  must  consider  the 
speed  ol  modulation  lire  .icduslo-oplie  hulk-type 
modulator  is  best  suited  tor  modulation  speeds  below 
100  megabits  sec  In  an  acoiisto-opiie  modulator, 
light  IS  dilliacted  oi  retlecled  by  a phase  gralingerealed 
by  a pboloelaslic  elicci  on  an  acoustic  wave  propa- 
gating lliiougli  ceilain  maleiial  1 iTicienl  high-speed 
modulation  is  achieved  by  an  eleetro-optie  modulator 
having  a bandwidth  ol  a lew  gigalierl/.*"  In  an  eleelro- 
oplic  mixlulalor,  an  applied  eleetrie  field  induces  a 
change  m the  relractive  index  ol  an  electro-optic  ma- 
terial which,  m turn,  causes  a phase  modulation  ol  the 
optical  beam  Additional  laetors  such  as  the  modulator's 
eompalihilily  with  the  rest  ol  the  system,  the  ease  ol 
coupling  to  the  source  and  fiber,  and  the  additional 
cost  must  be  considered. 

A llurrus  and  I .Si.ine,  ".Single-f  ryMal  I ihcr-Oplical 
Domlcs  a Nil  A .A(i  I iber  baser."  Juurnat  nf  the  Optical  So- 
clcli  oj  iriit  rica.  Viil  6.S  KMohei  IU75l.  p 1221.  and  ('  . 

Keno.  "l  aser  Diode  I’umped  Nd-**.  Y \<i  [ciwt Journal  ol 
(Juanlitatirr  I lcitr<mic\.  Vol  tjl  I I , No.  9 iSeptenilrer  197.S), 
p I hll 

"s  I Miller,  I J Mareulili.  and  I l.i,  "Rcsearell 
toward  Optkal-I  ilier  transmission  Syslem."  //■/•./  /’rrreeei/- 
rrigj,  Vol  M (December  197.7).  pp  1703-1751. 

'*.Seibor  Hylski.  "(  ailing  Out  1 ighi  Modulators,"  Optica! 
Spectra.  \'ol  In  ll  ebruary  197bl.  pp  .iO-,7.7. 

VV.iksberg,  "Opimii/alion  ol  a baser  ( ommunieallons 
Syslem  Using  lleilrooptu  Modulation,"  7orrrrial  o/ b^urrrr/ira- 
rrrr  ! lectrtmu  s V'ld  Dl  II.  No.  9 iSeptemlrer  1 975),  pp  778- 
782 


Seimconducloi  lasers  are  also  well  suilcrl  lor  libei 
optic  transmission  systems  Among  then  many  attii 
botes  are  small  si/e,  ruggedness,  elliciency.  and  sim 
plicity  m modulation  by  dneclly  vaiying  the  miecleil 
current  file  semieonduetoi  laser  diode,  however . musi 
be  ludieiously  used  due  to  its  relatively  short  liletime 
( 1000  hours  typical  to  .7(HK)  hours  maximum)  At  pies 
ent,  the  most  promising  laser  diode  tor  cotiliriuous 
operation  is  the  double-heteiostructure  iDli)  design 
consisting  ol  live  layers  ol  Al^brai  ^ AS  semicon- 
ductor material  ( Al^(ia|  ^.-\s  repiesents  aluminuni- 
galliuin-arsenic  where  x is  the  mole  Iraction  ol  alu- 
minum and  the  subscripts  detine  percentages  ol  ma 
terial  used.)' ' 

A Dll  laser  diode  has  some  very  mlerestitig  features. 
By  changing  the  mole  traction  ol  aluminum,  it  is  pos- 
sible to  control  the  wavelength  ol  emission  Iron)  the 
ultraviolet  to  neai  mirared  Tlieretoie,  the  laser  diode 
IS  usually  made  to  emit  at  O.H  to  O.dgim.  wliieh  is  a region 
ol  low  liber  loss  Mie  spectral  width  ol  the  emission  is 
typically  less  than  20  and  is  sulficienlly  narrow  that 
material  dispersion  is  unimportant  lot  long-distance  fi- 
ber transmission  The  emission  also  has  a narrow  beam 
width  (typicallv  20  degrees)  so  that  more  than  .50  per- 
cent coupling  efficiency  can  be  obtained. 

Another  interesting  feature  is  that  the  DH  laser  di- 
ode is  the  most  efitcient  of  the  optical  sources  listed 
above,  l-or  example,  the  DH  laser  diode  can  convert 
0.2  to  0..S  \V  ol  input  power  to  10  to  .50  mV5  of  optical 
power,  while  the  Nd  A'ACr  laser  reejuires  an  input  ol  1 
to  2 W lor  2 to  5 mW  of  output,  and  the  I I I)  requites 
0.2  to  0.5  \A  ol  input  lot  5 inW  of  output  ' 

However,  the  semiconductor  laser  diode  is  not  a re- 
liable uc'vicc.  Its  failure  can  come  suddenly  oi  giaduallv . 
regardless  ol  enviroi  . 'ent  or  mode  ol  operation  (con- 
tinuous or  pulsed).  .Sudden  degradation  has  been  lound 
to  be  a result  ol  high  current  density  (approximatelv 
700  A/cm^  for  pulsed  operation  at  room  temperature) 

* 'Miller,  Mareatili,  and  bi;and  M.  Nakamura  el  ab.  "(laAs 
(.aAlAs  Double-llelerostrueture  Injeetiun  basers  VV nb  Disirib- 
uled  I eedbaek,"  Journal  «/  Quantitative  hlectronics.  Vol  Ul 
1 1.  No.  7 (July  1975),  pp  4.76439 

"^J  I.  IJoyd  and  1).  t).  Anderwin.  “Distribuled-I  eedbaek 
Coupling  in  tiai  ,AI,.As  Doubleliererostruelure  lasers  M- 
leel  of  Aluminum  Concentration,"  .Applied  Optics.  Vol  14 
(Seplember  1975),  pp  2199-2202 

•®S  I Miller.  I A J Mareatili.  and  I II.  “Researsh 
Inward  Oplieal-I  iber  I runsmission  System,"  ll  1 1-  I’rocced 
ings.  Volbl  (DeeemlH-r  197.7),  pp  170.7  1 751 
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.11  ihi-  |tiiiclii>n  I't  llic  JiDilt'  Allhou^i  gradual  Jcgrada- 
imn  IS  not  vci\  wdl  understood,  a gicat  deal  ol  progress 
IS  hemg  niade.l'*  One  eunent  area  ol  high  piiorily  re 
seaieh  is  developineni  ol  teehniques  lor  increasing  the 
hleliine  ol  the  lasei  diode  Success  in  this  area  has  been 
•ishieved  in  the  laboraloiy  by  Hell  lelephone  laihoia 
loiies  Mihough  the  work  is  cuiienlly  undociiiiienled. 
Iiiluie  snccesslul  coinineiti.il  apphcalions  appear  lo  be 
iiniiiineiil  In  addilion.  K(  A Keseaich  latboialory  is 
cuiienlly  involved  in  reseaich  lo  develop  an  in|eclion 
laser  diode  wilh  a IU,000-hi  hleinne 

( iiiienlly , lire  I I D is  lire  hghi  souice  in  nn.sl  lihei 
oplK  links,  .mil  the  nuhisliy  is  pl.iting  high  piioiily  on 
iniproving  1 I l)s  by  increasing  usable  light  oulpul  and 
h.indwidlh  capability,  and  reducing  cost.  Ll.Ds  wilh 
higli  output  optical  power  are  coniinercially  available 
at  relairvely  low  prices.  Unless  laser  diodes  with  long 
hlelirnes  arc  made  coniinercially  available,  LI. Ids  may 
be  considered  the  most  suitable  optical  source  lor 
commercial  liber  optic  communications. 

The  primary  parameters  of  interest  in  regard  to 
establishing  the  state  ol  the  art  ol  LLDs  are  the  light 
power  emitted  within  a specified  cone  and  the  frequen- 
cy-responserelaled  parameters  (risetime  and  lalllimel. 
I loin  the  standpoint  ot  usable  emitted  power,  two 
basic  types  ol  LLDs  are  available,  the  llat-geometry 
1,1. 1)  with  dome,  and  the  edge  emitter.'^  ligure  .S 
shows  a greatly  magnified  sketch  ol  the  llal-geomelry 
LI  I).  which  emits  light  ilirougli  a one-hall  spherical 
pattern  (2n  stcradiansl  since  the  anode  material  ab- 
sorbs light  in  that  direction,  figures  b and  1 show  the 
same  diode  with  the  addition  ol  domes  and  a parabolic 
lef.ector  to  concentrate  the  emitted  light  to  a small- 
angle  radiation  paltcrn.  These  diodes  currently  will 
yield  comparable  pertorniance.  01  currently  available 
LLDs.  about  I ii  mW  into  a 10  degree  cone  is  the  best 
obtainable  In  addition.  LLDs  have  wide  emission 
spectral  width  (350  Al.  Iherelore,  in  order  to  increase 
the  light  power  transmitted  througli  an  optical  fiber, 
many  modes  must  be  allowed  lo  propagate.  Conse- 
quently, LL.1>>  must  be  used  with  multimode  libers 
having  large  numerical  apertures. 


*^i  Itulli-r  .mil  I S Wiing,  " Ihreshulil  Kchavior  ol  CW 
(■jASMIjjAs  Inieilion  lasers,"  Journal  oj  (Juanlllalive 
I Irt  Ironies,  Vol  (.^1 -1  2.  No  tlMjieh  I97(il.pp  I65-U)H 

'*11  Kressel  and  M I iienlH'i)!.  "A  New  I d|ie-l  niitlin>: 
I.AKial  as  Hererajunelion," //•/•/■  Proeredmus,  Vol  6.t  (Scpteni- 
liet  19751.  pp  1 J60  1 3f>l . and  J K Hiaid,  Optoelecironie 
ispeels  ol  Arionu  Ssstenis,  I mat  lechnieal  Repori  Al  Al.- 
IK.7.1  164  (All  I orce  Avionics  (.ahoratory,  April  1973). 


Figures.  Llal-geomelry  LLD. 

linrortunately . low-loss  libers  have  small  numerical 
apertures  (0.14  to  0.3),  thus  iiiaking  et'licient  coupling 
a very  difficult  problem.  An  edge<’mitting  diode  ( Ligure 
b)  can  be  used  to  overcome  this  problem.  The  elliptical 
rcliector  of  an  edge  emitter  enables  more  output  power 
to  be  concentrated  in  a significantly  narrow  cone,  thus 
making  more  effective  coupling  into  a low-loss  liber 
possible.  Biardl^  has  predicted  that  an  idealized  edge 
emitter  will  project  70  percent  of  its  total  output  pow- 
er into  a 5.8  degree  half-angle  cone.  The  edge  emitter 
also  has  a lower  fabrication  complexity  and  better 
mechanical  tolerance  control  than  the  dome-type  LLD. 
However,  the  quantum  efficiency  and  total  output 
power  of  an  edge  emitter  are  not  as  high  as  those  of  the 
dome  type. 


*•3)  K.  Bend,  Oploclrcl'ttnic  Aspeels  ol  Aiionit  Sysicnis. 
I mat  leehnieal  Repori  Al  Ai  rR-73-164  (An  I one  Avioines 
Ijboralory.  April  1973) 


n 


Figure  6.  I lal-geoinclry  1 I I)  with  epoxy  dome. 


I he  lasleM  riselime  ol  a commeraally  available 
I 1.1)  Vloiisanlo  M1.-3.  is  on  the  order  ol  I nsec,  which 
IS  faster  than  most  of  the  commercially  integrated  cir- 
cuits Because  of  this  fast  respon.se  time,  direct  modula- 
tion achieves  a bandwidth  of  several  hundred  mega- 
hert/.'  ■’ 

The  best  obtainable  iisetnnes  and  lalltimes  of  cur- 
rently available  I I l)s  are  on  the  order  of  10  nsec, 
which  would  yield  an  inherent  upper  Irequency  limit 


A lUirrus.  I I’  l.i-e,  and  \\  S.  thilden,  “llirt'cl- 
M(idul.itinn  i IticienLy  ot  I I D's  tnr  Optical  I itn-r  1 ransinission 
ApplicatlDn,”  //  /■./  I'rntcrdinns.  Vol  6.)  ll  ehruary  IdTS),  pp 
32‘)-  )1| . anil  ) S.  I lu  and  D A .Smith,  'The  I rcquency  Ke- 
spiinw  III  an  .Amplitude  Modulated  ( uAs  I umineMencc  Diode," 
n.H  /‘nun  JiiiKS.  Vol  ft.)  iMarch  1975),  pp  S42-S44 


ol  approximately  .35  mil/  Speed-up  cirunts.  howevei 
can  be  employed  to  increase  the  transmitted  bandw  idth 
to  lot)  mil/ 

Incandescent  souices  have  seen  very  limited  apph 
cation  and  are  therefoie  not  discussed 

Dcicclors 

\ detector  is  necessary  at  the  leceiving  end  ol  the 
optical  libel  to  conveil  the  leceivcd  light  into  volt.ige 
or  curient  signals  I his  can  be  acconii'hshed  by  a pho- 
todiode. photoiransistor.  phototube,  oi  photoniulli 
plier.  Hie  phototube  is  not  sensitive  enough  loi  most 
applications  .N  photomultiplier  is  excessively  latge  and 
expensive  and  requires  a liigli  voltage  power  supply  . In 
addition,  the  frequency  response  of  the  photomulti- 
plier IS  nisufricient  for  liigli  data  rale  communicalions 
applications,  flius,  the  photodiode  and  phototraii'-is- 
lor  are  the  only  choices  lor  higli  data  rates.  It  has  been 
shown  that  a properly  designed  silicon  planai  photo- 
diode is  optimum  for  use  in  optical  data  ttaiisniission.l*3 
KIscIniies  as  low  as  1 nsec  have  been  obtained,  yield- 
ing tiansniission  capability  to  .350  megabits'sec.  In 
addition,  the  photodiode  provides  adequate  sensitivity 
for  most  applications. 

Ituexrulvd  Optical  Circuits 

The  promise  ol  extensive  usage  of  fiber  optics  tech- 
nology in  communicatioiis  has  stimulated  lesearch  in 
the  area  of  integrated  optics  Integrated  optics  involves 
using  extieniely  small  optical  waveguides  to  intercon- 
nect various  miniature  solid-state  optical  components 
on  a single  substrate.  Components  include  souices.  de- 
tectors. modulators,  and  associated  integrated  elec- 
tronics to  complete  a communications  link.  Sources 
include  I I l)s,  semiconductor  lasers,  or  thin-lihn  lasers 
Integrated  optics  offers  advantages  of  decreased  si/c 
and  weight,  potential  niiproveinents  m reliability,  and 
reduced  susceptibility  to  environments  including  I Ml, 
mechanical  vibiation,  and  temperature  extremes 

The  technology  includes  coupling  optical  libers  with 
other  components.  One  proniising  aspect  is  the  pos- 
sibility of  eflicient  coupling  to  the  extremely  small 
single-mode  and  low-loss  fibers.  Various  passive  ele- 
ments such  as  lenses,  gratings,  and  frequency  mixers 
can  be  integrated  with  the  couplers. 


'*J  K Hurd.  OptocliTfrnnic  Aspals  <>!  hiiwic  Svstnus, 
I inal  Icchnical  Kcpml  \l  Al.-I  R-73-164  (An  I oict-  Avnmu-s 
lalioratory . April  19731 
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Susceptibility  of  Optical  Fibers 
to  Nuclear  Radiation 

KiMMIiK.  st'vcKil  pi'k’iili.il  .iilvaiil.ines  111  iisiiij;  opli- 
c.il  lihois  III  tniliian  >.i>iiimiiiiiLaiioiis  syicius  have 
piuiiiplcil  i.onsklciahli'  iiiieiosi  m ilieit  use  ()l  pailieu 
lai  uileiesi  has  been  the  use  ol  I'lHieal  liheis  lo  ehuiiii- 
ale  I Ml  K1  I.  siiiee  the  elleel  ol  sueh  an  eleelroiuap- 
nelie  pulse  on  ihe  liher  ilsell  would  he  expeeied  lo  he 
veiv  sinall. 

Sinee  some  mihlaiv  eonnnumealions  systems  must 
have  the  polential  to  opeiate  m a iiuelcai  radiation 
eiiviromiieiit  as  well  as  environments  snb|eeted  to  1 M/ 
Kl-  pulses,  the  elteets  ot  niieleai  laihation  must  he  eon- 
sideted  when  evaluating  the  leasihihty  ol  optical  fiber 
corninurncation  systems  in  such  situations.  This  section 
reviews  the  state  of  the  ail  concerning  the  effects  of 
nuclear  radiation  on  optical  fibers. 

Nucleai  radiation  can  be  classified  into  four  general 
types  depending  on  the  interactions  with  matter  * 

1 Heavy  charged  particles  (e.g..  protons  and  alpha 
particles) 

2.  Tight  charged  particles  (e.g..  energetic  electrons) 

3.  (lamma  rays  and  \-iays 

4 Neutrons. 

Since  the  range  ot  heavy  ctiaiged  particles  is  usually 
tathei  small,  they  do  not  pose  a serious  threat  as  ex- 
ternal sources  for  this  reason,  most  ol  the  work* * on 
the  ellect  ol  nucleai  radiation  in  optical  fihcis  and 
libei  inatenals  is  concerned  with  the  last  three  types  of 
radiation 

It  has  been  known  lor  some  time  that  radiation  can 
produce  seveie  changes  in  optical  materials,  and  exten- 
sive woik  on  the  eflects  of  nncleai  radiation  on  optical 
materials  has  been  done  Ihe  principal  concern  at 
present  is  the  manner  m which  and  the  degree  lo  which 
the  ellecis  ol  nuclear  radiation  may  interefere  with  or 
degrade  communication  via  an  optical  fiber,  l-or  this 
reason,  particular  emphasis  is  given  lo  tests  of  available 
optical  fibers  and  fiber  maleiial 


•Siiinc  aspects  ol  ilie  mleraclion  ol  these  radiations  with 
iiijllei  are  disujssed  in  Appendix  I) 

••Ihe  lollowine  lelereiices  Iroiii  Ihe  lisl  ol  laied  relerenees 
.It  Ihe  end  ol  Ihe  leporl  de.il  speeilie.illy  with  Ihe  elleel  ol  nu 
ite.ir  fadi.ilioii  on  optic. il  tiliers  lltalu'  et  ah.  Cohen  and  I .in- 
/eioiii.  Ivans  and  Steel  l2).  I neliele.  tiinihei.  and  Sieel. 
lukesh.  Mairern.  Maltern  el  al  if).  Vl.iurer  et  al  ; Freshy; 
Shah.  Sigel,  Siyel  and  Ivans.  Siyel  cl  al.;  I lead  way,  I’asscn 
heim.  and  kllleian.  Wall,  Wall  and  ltiyant,and  Walkins 


liiadialioii  ol  optical  fibers  with  \-iays. gamma  i.iy  s. 
eneigelic  electrons,  oi  neulions  can  lesull  m two  |nm 
cipal  tyi'es  ol  inleileience  with  opiic.il  signals  heiiig 
li.msimllcd  ihioiigh  the  libei  ( 1 I hmnnes,.ence  ( hghi 
gcneialion  wilhm  the  lihei  maieiial  ilselt ).  lesulling  m 
.1  spuiious  light  signal  which  may  in  some  cases  be  as 
huge  as  ot  larger  than  the  liansmitled  signal . oi  ( d ) ilai  k 
eiiiiig  ol  the  optical  fibei,  lesiiltmg  in  an  increase  in 
the  .illenualion  coefficient  ol  the  liber  with  subsequeni 
decreased  transmission  of  optical  signals  (m  some  severe 
cases,  to  the  extent  that  the  optical  liber  may  become 
es.sentially  opaque). 

flic  fact  that  optical  materials  exhibit  luminescence 
when  excited  by  loni/ing  radiation  is  the  basic  pimciple 
of  scintillation  detectors  used  to  detect  loni/ing 
ladiation  Although  the  materials  in  optical  fibers  are 
not  particularly  good  scintillators,  they  do  in  lad 
exhibit  luminescence  when  exposed  to  nucleai  radiation 
l.uminescence  is  ihouglit  lo  result  Irom  recombination 
and  de-excilalion  processes  following  loni/ation,  oi 
from  ( etenkov  radiation.'’ 

Studies  with  ,X-iays  indicate  that  the  tune  constants 
for  the  decay  of  hiinmescence  following  a rapid  X-ia\ 
pulse  appear  lo  depend  only  on  the  type  ol  liber  and 
not  on  Ihe  intensity  of  the  luminescence.-"  The  inien- 
sily  ol  luminescence  was  found  to  be  greater  during 
electron  inadiation  than  during  X-ray  excitation  al 
the  same  dose  rale  (the  ratio  varying  with  the  type  ol 
liber ). 

riie  luminescence  is  distributed  over  a spectrum  ol 
wavelengths  commonly  u.sed  m optical  fiber  communi- 
cation systems  and  exhibits  a chaiacleristic  decrease  m 
intensity  liom  shorter  to  longer  wavelengths  Ihe  tact 
that  the  luminescence  is  distributed  may  make  it  difli- 
ciill  lo  filler  out. 

Radiation-induced  darkening  of  optical  fibers  is  due 
lo  Ihe  furmalion  of  color  centers  which  cause  a ledtic- 
tion  111  light  transmission  over  a speciium  of  wave 
lengths.  1 hese  color  centers  lend  lo  fade  with  time 


•1*1’  I M.illern  et  al  . “Ihe  I llectx  ul  KaJialion  on  the 
Ahsorpliiin  and  I iiimnewcnve  ol  I iber  OplK  Waveguides  and 
Materials,''  ll-ht.  I ransaclions  on  Suclcar  Sarnce.  V'ol  NS-21 
(Deccnibei  )974l,  pp8l  112. 

'4"J  A Wall  and  J I biyini.  HaJuilion  E))fcts  on  hihir 
Optics.  AKRl  IR  75-0190,  ADAOl  .f7K619(..A  lAir  lone 
( ainivridgc  Research  laboratories,  April  1975). 
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.iltot  c\piisuic  1(1  tadiadon  I he  rale  ol  the  lading 
depeivds  on  llie  parliculai  fiber  maierial  and  the  wave- 
length ol  mieresl. 


I he  ineieased  absotpiion  due  lo  irradiation  b>  \ 
lays  gainiiia  lays,  and  cleelrons  is  apparently  greatest 
slioilly  allei  the  pulse  and  lends  lo  deciease  lo  some 
lelalively  peimaneiil  value  alter  a period  ol  tune  I or 
this  reason,  the  absorption  is  olten  discussed  iii  teiinsol 
tiansieni  absorption  and  permanent  absoiplion ( usually 
the  incieascd  absorption  which  remains  alter  a length 
ol  tune,  e g.,  d4  Ins),  although  the  lading  ol  the  color 
(.enters  may  continue  indelinilely  I he  transient  absorp- 
tion may  be  sevci.il  oideis  ol  magnitude  greater  than 
the  permaiienl  absoiplion  lire  incieased  altenualion 
vanes  w nil  wavelength  (as  docs  the  intrinsic  altenualion 
ol  umtiadialed  libers)  I his  may  be  an  important  con- 
sideiation  m the  selection  ol  an  emitter  lor  a coinimmi- 
caiion  system 

Most  ol  the  eMsling  data  concerning  the  lumines- 
cence and  absorption  induced  m optical  fibers  by  nuclear 
ladialion  have  been  obtained  using  loni/ing  radiation 
\ddilional  data  on  the  absorption  induced  have  been 
taken  using  last  iieulrons.  howevei,  there  do  not  ap- 
peal lo  be  any  data  lor  llieimal  neutron  irradiation. 
1 uilhermore.  there  do  not  appear  to  be  any  data  con- 
cerning luminescence  and  transient  absorption  dining 
neutron  iiradialioii 

I he  lad  that  permaiienl  absoiplion  losses  induced 
by  energetic  electrons,  gamma  rays,  and  last  neutrons 
appear  compaiable  when  compared  on  the  basis  of  in- 
duced ioni/ation-l  does  not  mean  that  all  three  have 
the  same  ability  to  do  damage.  Since  the  interactions 
tliat  the  various  radiations  have  with  matter  often 
depend  on  the  energy  of  the  incident  radiation,  the 
efiecis  lor  a particular  type  of  radiation  would  be  ex- 
pected lo  depend  on  the  energy  of  the  incident  radia- 
tion, Since  experimental  resultsare  quite  often  obtained 
for  a certain  energy,  it  would  seem  that  extrapolation 
lo  vastly  different  energies  should  be  done  with  caulirm. 

i urtltciinore,  the  change  in  transmission  with  dose 
IS  not  a linear  function  (althougit  at  low  doses  it  may 
be  very  nearly  so),  hence,  extrapolation  lo  doses  which 
differ  greatly  from  those  for  which  data  have  been  taken 


I M.iliern  cl  al,.  " Ahsorplion  Induicd  in  Oplical 
W jvciniKlcs  li>  I'lilscil  I Icsiionsasj  I unilninol  Icinpcralurc. 
I (iw  Dow  Kate  t i.omtia  and  iteta  Kays,  aiul  I 4 MeV  Neutrons," 
nil-  I raiisiHliiiin  on  SucUur  Siiftiiv,  Vol  NS-22.  No.  h 
Ilh-iciniKi  1975).  pp  24(.H  2474 


should  also  be  done  with  caution  for  moderate  dose 
tales,  the  luminescence  appears  lo  be  proportional  to 
the  instantaneous  dose  rale,  and  the  permanent  absorp- 
tion appears  to  be  independent  ol  the  dose  tale,  this 
may  not  be  inie.  however,  al  much  higlier  dose  rales. 

1 he  elleci  ol  nucleat-iadi.ilion  induced  losses  in  op 
Ileal  libers  depends  strongly  on  liber  construction  for  I 

purposes  ol  Ibis  discussion,  classilying  optical  libers 
into  lout  general  types  based  on  liber  composition  is 

convenient;  i 

I laiw-loss  fused  silica  fibers.  These  libers  jie  drawn 
Inmi  fused  silica  Included  under  this  category  ol  opti- 
c.il  liber  materials  are  high-purily  synihelic  silica  and 
lightly  do|>ed  silicas.  I he  attenuation  in  uimradialed 
libers  is  typically  less  than  1 00  dll  km. 

2.  Cdmmercial-grade  glass  libers.  These  libers  are 
diawn  Iroiii  "standard"  opttcal  glasses  such  as  borosih- 
cates  and  lead  silicates.  These  quite  often  cotisist  ol  a 
core  of  heavy  metal  silicate  such  as  lead  or  barium  with 
a borosilicate  cladding.  The  intrinsic  atienuaiion  in 
uimradialed  libers  is  on  the  order  ol  1000  dH'km. 

.i.  ( erium-doped  glass  libers.  These  libers  ate  diawn 
from  glass  which  has  had  a small  amount  of  cerium  (ol- 
ten in  the  form  of  cerium  oxide)  added  to  the  glass 
melt  before  drawing.  The  cerium  increases  the  fiber's 
resistance  to  radiation-induced  iransmission  losses. 

(These  fibers  are  in  the  experimental  stage  and  do  not 
appear  to  be  commercially  available.) 

4.  I’lastic  libers.  These  libers  have  cores  ol  either 
polymethylmethacrylate  (I’MMA)  or  polystyrene  and  a 
cladding  of  lower  refractive  index  polymer.  Ihey  ate 
lightweight  and  inexpensive  but  have  very  high  intrinsic 
attenuation  at  wavelengths  greater  than  S(X)  nm.  1 heir 
attenuation  in  the  visible  range  is  about  1 200  dB  km 

The  radiation  effects  observed  appear  to  be  different 
foi  each  type  of  liber. 

Pure  fused  silica  appears  lo  be  quite  resistant  to 
radiation-induced  attenuation.  On  the  other  hand, 
borosilicate  glasses  are  quite  susceptible  to  neutron 
damage,  probably  due  to  the  high  neutron  cross  sec- 
tion of  boron.  The  addition  of  small  amounts  of 
cerium  makes  most  glasses  more  resistant  to  permanent 
radiation  damage;  however,  addition  of  larger  quantities 
of  cerium  may  result  in  greater  intrinsic  attenuation  m 
the  unirradiated  optical  fiber. 22 


^‘4|)  I).  I vans  ami  Ci.  M.  Sigel.  Jr.,  "Kadialion  Resistant 
I ilHU  Optic  Materials  and  Waveguides."  //-./■.T-.  iransai  lions  on 
\uilear  Science,  Vol  NS-22,  No.  6 IDeceiniMU  1975).  pp  2462- 
2467. 
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\l  pii’M’iil.  itie  opliijl  libct  m.ilcti.ils  wliiv  ti 

111  I'c  iniivi  III  |X‘im.iiii.'iii  i.iiii.iiiiin  itjin.it;i’  .iu‘ 

ilmsc  m i.ili'(:iMK‘N  I.  .mil -4  .ibo\i'  ( nmmoiiul  iil.iss 
libois  M‘om  III  Ih'  vct\  r.iili.iin)ii  M‘nsilivi;  .iiul  mmM  ,ip 
I'O.ii  c'M'Mli.illv  muivihlo  iM  lii):li  r.iilijlnm  onviioii 
|1K■^I^,  liiiwcu'i.  lln;>  in.iv  bo  suiublo  lui  .ipplii.iiu>iis 
•It  low  lo\cK  ol  rjili.ilioii 

\Miolhor  llio  pcim.moni  .ibMiiption  in  .moplii.il  liboi 
will  intoilcio  willi  ils  liinolion  ilopoiuls  on  ilio  ituliicod 
.iitomulion  whioh  ojn  bo  loloi.ilod.  I bus.  llio  diw  lo 
wliioli  Iho  liboi  l^  to  bo  Mib|ootod.  llio  indiiood  .illoiiii- 
.111)11  por  linn  loiifilli  por  iinil  doso.  and  iho  longlli  ol 
tho  t'lbor  inusl  bo  oonsidorod  l oi  low  doso  onviron- 
inonis  and  sliorl  lon>:lhs.  ilio  ilioioo  ol  libers  and  fiboi 
matorials  will  bo  gioalor  than  tor  llioso  applicalions 
wliioti  roquiro  oilhor  low  indiiood  atlonualion  or  longor 
libor  longth'  In  Iho  latlor  casos.  Iho  selootion  of  fibers 
and  libel  inalorials  is  imich  more  hnnted. 

In  soino  oases,  knowing  Iho  indiiood  liiininosoenoe  in 
a parlioiilar  libor  al  wavolonglhs  of  inlerosi  rn  libei  op- 
nos  sysloins  is  also  iinpoilanl.  I von  the  host  opiioal 
nialerials  (o.g..  higli-piirii)  hisod  silioa)  oxliibit  high 
levels  ol  himinosoonoe  Coriiirn  has  oven  boon  used  in 
soinlillalors  lo  onhanoo  ihcoHioienoy  ol  those  nialerials. 
Sinoo  iho  possible  olloot  ol  oeiiuin  doping  on  liiinines- 
oenoe  in  opiioal  fibers  does  not  appear  to  have  been 
evaluated,  lurther  investigation  may  bo  nooossary  in 
apphoalions  where  hirniriosoonoo  may  he  a problem.--’ 

Iho  siiilabihly  ol  a parlioiilar  optioal  libor  also  de- 
pends on  lire  response  oharaotorislios  required  ol  Iho 
oommiinication  sysiem.  In  applioations  whore  opera- 
tion during  or  shortly  allei  a nuoloar  radiation  pulse 
is  not  a requirement,  the  permanent  absorption  induced 
by  the  nuoloar  radraliori  would  be  the  principal  con- 
cern In  applications  where  operation  during  or  shortly 
alter  a nuclear  radiation  pulse  is  a roquirernenl , greater 
attention  would  be  given  lo  tho  magnitude  ol  the 
luminescence  and  transient  absorption,  as  well  as  the 
liber's  recovery  time. 

■Mthougli  the  data  are  by  no  means  complete  and 
several  aspects  ol  nuclear  radiation  elTecis  need  fur 
Ihei  consideralion.  a considerable  amount  ol  data 
IS  available  lor  designing  with  optical  fibers.  A number 
ol  optical  libers  have  boon  tested  under  a variety  ol 
nuclear  radiation  conditions.  Irradiation  with  .\-rays, 

I rohon  anil  I.  I I an/crotli.  "Noise  in  I iher  Opliis 
Coniiiiuniiallons  Sysloins  Induirtl  by  loni/ing  Kadlation." 
■ipphcj  Opilif,  Vol  13. No  iniOilotHU  1974).  pr2l9ll-2l91 


gamma  lays  and  enoigelii.  eloclions  i|  vanotis  onoigios 
lot  vaiious  dose  i.iles  and  total  doses  has  boon  poi 
loiniod  Iho  data  on  the  cllocis  ol  noiilion  iiradiation 
ale  muih  more  limilod  m availabihly  . and  data  on  iho 
olloilsol  ihoimal  noiilrons  I which  could  arise  m iindoi- 
ground  sy  slonis)  appear  lo  bo  lolally  lacking  In  gonoial. 
the  extant  data  do  piovidc  Iho  designer  with  a basis  loi 
ovalualing  the  siiilabihly  ol  optical  lihois  lor  a variou 
ol  condilions.  ( haplor  .3  describes  ongoing  1)01) 
rosoatch  in  the  nuclear  radialron  area,  as  well  as  oilier 
areas  ol  liber  optics  research. 


3 SUMMARY  OF  R&D  IN  FIBER  OPTICS 

DOD-Supported  R&D  in  Fiber  Optics 

study  was  performed  to  determine  the  extent  ol 
work  being  perlormed  by  various  1)01)  agencies  m the 
area  of  liber  optics  lor  communications.  The  study  was 
performed  partially  by  telephone  contacts,  bin  largely 
by  an  automated  work  unit  summary  prepared  by  l)l)( 
Only  work  iinils  which  might  result  in  advancement  of 
the  state  of  the  art  were  considered.  Ihus.  some  work 
units  whtch  weii  concerned  primarily  with  develop- 
ment of  related  components  such  as  couplers.  LTDs. 
photodiodes,  etc.,  are  included.  The  study  revealed 
that  1)01)  has  funded  (for  the  current  year.  1-Y77)  S'* 
work  units  with  a total  outlaw  of  SI  O.b  million,  includ- 
ing both  m-house  and  contracted  work. 

I’he  U.  S.  Naval  ITcctronics  laboratory  Cenier 
(NhLCI.  which  1)01)  has  designated  the  lead  labora- 
tory in  this  technological  area,  is  responsible  for  1 5 
work  units  and  more  than  one-half  of  the  total  liiiul- 
ing.  The  U.  S.  Army  Llectronics  Command  (l.COM) 
has  the  second  highest  number  of  work  units  1.3; 
Harry  Diamond  laboratories  (IIDL)  is  third  with  o; 
and  the  Naval  Research  laboratory  (NRL)  is  fouiih 
with  .“3.  riie  following  sections  suniniari/e  the  techno- 
logical areas  being  investigated  by  these  and  other 
groups.  Appendix  C contains  a list  of  other  govern 
merit  agencies  and  organi/.ations  performing  or  respon- 
sible for  I)01)-sponsored  research. 

NLLC  IS  performing  studies  m the  following  areas 

I . Use  of  fiber  optics  for  Defense  ('omniunica- 
iions  Systems  (DCS)  applications,  including  a feast 
bihly  study  and  adaptation  of  existing  hardware  for 
DCS  use 


:i 


2.  IVvolopinciil  1)1  a lihcr  optic  communications 
link  lor  miilti-clianncl.  high  speed,  digital  data  trans- 
mission 

* Dcvclopmcnl  ol  s-kni-long  liber  optic  cables 
lor  use  svilli  sonobiioys 

■4  IKeol  libci  optics  on  a glide  lionib 

s I )evelopnienl  ol  a coniplele  line  ol  libei  oplic 
c omponenis  cjiialilied  lot  iinlilary  use.  including  cables, 
conneclois.  liansiiuilers.  receiver  modules,  light  sources, 
and  test  and  evaluation  lecliiiKpies 

(i  Development  ol  lecimology  and  system  demon- 
si  ration  lor  air  borne  libei  oplic  miernal  aircraft  signal 
transmission 

Development  of  manufacturing  process  for  fiber 
optic  cable  suitable  for  military  aircraft  avionics  systems. 

b.  Development  of  lecimology  and  materials  for 
inlegialed  optical  circuits  on  immature  substrates  to 
inlercoimecl  optical  components  and  interlink  coni- 
immic.ilions  systems 

'•  Development  ol  a compuler  to  peripheral  fiber 
optic  digital  and  video  data  commumcations  link 

10  Development  of  undersea  fiber  optic  cable  for 
use  as  low  cable,  bottom-laid  cable,  and  suspended 
cable  m surveillance  systems 

11  Development  of  undersea  cable  for  torpedo 
guidance 

ICOM 

f.COM's  fiber  optics  research  includes  the  following: 

I IX'velopmenl  of  solid-stale  laser  devices  for 
coupling  to  low-loss  fiber  optics 

2.  Development  of  a fiber  oplic  replacement  link 
for  a 26-pair  cable 

.4.  Development  of  long-haul  fiber  optics  for  pulse 
code  modulation  0*('M)  cable  communications  system 

4 Study  ol  the  feasibility  ol  using  fiber  optic 
cables  in  secure  tactical  cable  links  without  the  use  of 
encryption  equipment 

5 l>rvclopmcni  ol  standardized  fiber  optic  trans- 
mission lines  and  fitting 


6.  Development  ol  new  special-purpose  lasers 
which  can  have  fiber  optic  hglit  source  appheatums 

7.  Invesligalioii  ol  radialioti-mduced  transparency 
changes  in  optical  libers  loi  use  as  radiation  dosimeters 

S Study  ol  I ai.id.iy  ellei  l o|)|ical  modiil.ilois  lor 
libci  oplK  applications 

iini. 

IIDl.  IS  peitoinmig  work  m the  lollowmg  areas 

I Development  ol  a 2()()-nill/  bandwidth  fiber 
optic  telemetry  link  which  is  radiation  loleiani 

2.  Identification  of  nuclear  radiation  effects  on 
the  performance  of  fiber  optics  in  specific  applications 

.4.  Development  of  fiber  optic  data  links  lor  soe- 
cific  applications. 

XRI. 

NKL  IS  performing  research  in  the  following  areas 

I Coordinated  research  program  to  develop  inlra- 
red  iiilegraled  optics 

2.  Development  of  radiation-resistant  optical  glas- 
ses for  use  in  optical  fibers  in  military  systems 

3.  Development  of  techniques  leading  to  improved 
optical  fibers 

4.  IX'velopment  ol  single-mode  fiber  to  thin  lihn 
waveguide  coupler 

5.  IXvelopmeni  of  mulli-lerminal  fiber  optic  data 
commumcations  systems  which  use  a single  laser  source 

Other 

DOD-sponsored  research  being  petlormed  by  olhei 
organi/.ations  includes  the  lollowmg 

1.  IX'velopment  of  a wideband  Igieatei  than  ItK) 
inli/.l  fiber  optic  data  Iranstei  link 

2.  rhcoretical  and  experimental  investigation  ol 
mechanisms  inlluenciiig  propagation  of  light  in  mate- 
rials 

3.  Investigation  of  puiely  optical  transmission  of 
signals  without  conversion  of  optical  signals  into  elec- 
trical signals 


4 IVvolopincnl  ol  solulM.ito  lascts  spccilically 
lor  use  \vith  libiM  optics 

5 Study  ol  ladiaiion  damace  mechanisms  and 
dcvelopmeni  ol  radialion  liaidenmt;  leclniu|ues  lor 
oplically  coupled  isolators,  1 I l)s  and  pholodeleclots 

(1  Development  ol  enpmeeim^  data  on  tihei  optic 
vvaveituides  and  associated  components  m a ladialion 
(jiamina,  jiainma  dose  rate,  and  neutron  I environment 

7.  Development  ol  unproved  leclinii.jues  loi  coup- 
ling light  into  low-loss  optical  lihers 

S.  Development  ol  lightweight  and  low-cost  opti- 
cal tihers  tor  Held  \imy  environments 

'■>  Development  ol  a liber  oplis  ground  station  to 
missile  communications  and  control  link  capable  of  be- 
ing payed  out  by  the  missile 

10  Investigation  ol  applicability  of  fiber  optics  lor 
Naval  an  programs 

1 1 Keseaich  toward  development  of  new  labrica- 
lion  processes  for  low-loss  sell-locusing  fiber  optic 
waveguides 


economic  data  will  be  used  to  evaluate  system  design 
optics  leasible  during  the  next  20  years. 

( able  television  linns  have  started  to  use  optical 
liliei  coniinuiiicalions  links,  relepiomptei  M.inhailaii 
Cable  Co.'s  use  of  an  XOO-li  (24.VS  ml  length  ol  libei 
optic  cable  to  link  the  lop  ol  a tall  ap.ittnieiil  building 
111  Manhattan  to  I elepionipler's  central  processing 
otiices  .(4  floors  below  is  reportedly  a lirsl  in  the  I S 
television  industry.  The  quality  of  transmission  is  re- 
ported to  he  excellent  The  hglit  source  used  is  an  I 1 1) 
which  IS  modulated  by  video  signals. 

Biitish  cable  television  company  has  also  begun 
using  a liber  optic  cable  in  "live"  distribution  Kedillu- 
sioti,  the  coinpany  which  installed  the  cable,  reporis 
that  tins  is  the  first  such  usage  in  (ireal  Britain.  Cable 
length  IS  I 427  km.  two  libers  are  used  in  the  cable, 
each  carrying  a lull-bandwidth  color  television  signal 
l.l'.Ds  ate  used  as  light  souices  along  with  Corning  (dass 
Works  step-index  fibers  Flie  two  fibers  have  losses  of 
IX  and  22  dB  respectively  for  the  1.42'’-km  link  at  the 
400-11  111  wavelength  used 


4 CONCLUSIONS 


I 2.  riieoreiical  analysis  of  optical  waveguides 

1 .C  Study  of  signal  to  noise  ratios  lor  fiber  optic 
systems  m I Ml’  environments 

14.  Investigation  ol  space  llighi  applications  ol 
liber  optics 

I .‘i  Studies  III  niaxiiiii/mg  inlormalioii-handling 
rates  tor  liber  optic  channels 

lb.  Study  ol  the  use  ol  liber  optics  lor  eleclroniag- 
rielic  compatibility  improvements  on  submarines 

17  Conllrmation  ol  t'le  lumiiiescence  levels  gener- 
ated in  irradiated  libers  ol  longer  lengths. 


Non-DOD-Sponsored  R&D 

file  IVparlmeiil  ol  Corninerce  Office  of  reiccotn- 
muiiicalions  Policy  lO’IPl  has  recently  initiated  a com- 
prehensive study  to  deiermine  the  impact  of  optical 
liber  technology  on  the  delivery  of  telephone,  tele- 
vision, and  iiilorinalioii  services  Current  technical  and 


l iber  optics  ate  potentially  capable  ol  fiiltillmg  many 
communications  applications,  including  Corps  ot  1 n- 
ginecrs  applications  in  moniloi  and  control  sy  stems  ol 
facilities  or  buildings 

I iber  optics  oiler  niimetous  advantages  over  con 
venlional  wire  m cable  links,  including  Irecdom  liom 
I Ml,  electrical  isolation  security,  and  salely  enhance- 
ment III  explosive  ot  nammable  material  areas  I he 
bandwidth  capability  ol  fiber  optics  systems  can  be  m 
the  inultigigahert/.  range,  and  transmission  losses  can  he 
lower  than  for  conventioiial  wire  ot  cable  systems. 
Miesc  and  other  advantages  will  result  in  continuing 
R&D  and  eventual  assumption  of  a large  part  ol  the 
general  cominunicattons  burden  by  fiber  optics. 

A large  amount  of  work  has  been  done  m evaluating 
optical  fibers  in  nuclear  radiation  envitonments,  but 
the  effects  of  thermal  neutrons  have  not  been  isolated. 

The  current  level  ol  R&D  in  advancing  the  state  ol 
the  art  in  fiber  optics  technology  is  extensive  m both 
industry  and  government. 


APPENDIX  A: 

SUMMARY  OF  COMMERCIALLY 
AVAILABLE  OPTICAL  FIBERS 


500  Id  :5(X)  It  ( I 5:  lo  7(>:  in)=  51 .50  II  (54  >»: 
in)  + 550  sciiip 


Mjiuil.n.iurcrs  ll^l^;^l  m viimdus  liiiycis'  giiiilos  .nul 
linCLlDiics  vM’ic  iiski'il  Id  piDViJo  mlDimjliDii  dm  iIicii 
j\.iilal>lc  inas>-priHliii;i.'il  Dplical  lihci\  I ho  cDiiipIclo- 
lies-,  aiul  aocuiacv  dI  llie  mlDmialiDii  prosonloil  herein 
lliiiN  depend  dii  piodiicl  nilDrinaliDn  supplied  direelly 
hv  ihe  inaniilai.liiiers.  In  addiliDii  Id  ihe  eDinpanies 
hsleil,  iiiiineii>iis  Dlliei  eDinpanies  niaiuilaeliiie  lihers 
Idi  pinpnses  Dihei  lhan  eDiniininiealiDns  di  Idi  special 
Didei  Duly 

Wheie  possible,  pricing  inlDimaliDn  is  included.  Il 
should  be  noled.  however,  lhat  ihe  prices  ol  oplical 
libers  will  change  as  larger  cpiaiitily  pioduclion  and  ini- 
piDved  lechniques  are  reah/ed. 

I .American  Oplical  Coip. 

I ihei  Opllcs  Division 
Soulhhridge.  M.A  01550 

I’loduct  line  includes  a glass  liber  oplic  cable  lor  use 
III  dala  Iransinission  systems  and  libei  scopes,  clad  rod, 
image  coiuluil,  and  olhei  relaled  componenls. 

I he  multimode  opIic  cable  has  Ihe  rollowing  charac- 
teiislics: 

Alleiiualioii  less  lhan  4(H)  dH  km  at  '•()()  mm 
Number  ol  libers  200  (approx, ) 

I ibei  si/e  75  gun  (0.003  m l* 

Index  profile  step 
Numerical  aperlure  0 (ili 
( .ihle  oiilei  diamelei  0005  m (2.41  mm) 
I’licing  loi  an  unleiuimaled  cable  is  as  lollows: 

less  than  500  It  (152  m)  = 52/H  (56.5(i/m)  + 

550  setup 

*1  ihcr  and  cable  si/es  are  ^iven  in  Imlh  SI  and  non-SI  unils 
for  Ihe  convenience  ol  Ihe  user.  I lie  nnil  nivcn  lirst  is  Ihe  unil 
provided  by  Ihe  nianulaclurer.  while  Ihe  unit  in  parenihesi-c 
IS  Ihe  conversion  Ollier  ineasureinenis  are  niven  in  SI  unilv 
only,  as  provided  by  Ihe  inanulaeluiers. 


2.  I JDii  I’onI  de  Nemours  cN  ( o . Iiic 
I’laslic  Depi 
Wilimnglon,  1)1.  I OHOb 

Ihodiicl  line  includes  a cable  conlamiiig  seven  plastic 
fibers  (I’l  X 01715)  and  a silica  cote  plastic  clad  libei 
(I’l  X SIObR)  lable  A1  summaii/es  Ihe  chaiaclerisiics 
ol  Ihe  Iwo  mullunode  libers 

3 ( 'oinmg Cilass  Works 

I elecommunicalions  I’loducI  Deparlmeni 
Coining.  NY  I4S30 

I’loducI  line  includes  high-loss  llcxihle  imillilibei 
cables,  low-loss.  |0-('jber,  siep-mdex  bundles;  low -loss, 
seven-liber,  step-index  cables,  and  low-loss,  seven-libcr. 
graded-mdex  cables. 

Standard  cables  can  be  supplied  with  allenualion  as 
low  as  b dB'km.  for  special  applications,  libers  with 
allenualions  as  low  as  2 dll  km  (at  lOliO  mm)  and 
bandwidlhs  as  high  as  1 (ill/  km  can  be  supplied,  lable 
A2  summari/.es  the  chaiaclerisiics  ol  the  libers  and 
multil'iber  bundles. 


fable  A I 

Charaeleristics  of  Dul’oiil  Fibers 


1*1  X07IS 

PI  < SI08R 

.Mtonuadon  (JlWkin ) 

4711  1 656  nm 

1(111  oj  700  nm 

SiimlKT  ot  1 ihofN 

7 

1 

1 ihcr  Si/e.  m (mini 

(1 III46  (0  .I7(lhl 

0,024  01.6101 

( .ihli-  Si/i*  (OutL'f 

Duinclcrl.  in  (mini 

U II7S  (1  41  1 

0.075  (I  1 

Numcrival  Aperlure 

0.5,1 

04 

I ermtnulions 

Pncc/Metcr 

5 3. .10 

5445  inin  order 

Index  Profile 

Step 

Step 

1 i(K*r  Materiah 

Plastic 

SilKa  core' 
plastic  sKiddine 

I 
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Fable  \2 

( haraclcrislics  of  ('oniii)g  Fibers  and  Miiltifiber  Bundles 


PriHlus  t 
Nunilx’i 

Mioiiujtion. 
ilK  km 

Numbir  fiber 

of  Si/e. 

1 ibers  mm  (in.) 

Index 

rrnfile 

Numeric  dl 
\perlure 

Cable  Outer 
Diameter, 
mm  (in.) 

Kands^idlh 
MWr  km 

IVue 

Meter 

1 diets 
1 (nil 

7 0.135(0.005) 

.Slop 

M.l  H 

5 (0  3) 

2'» 

$1  n.MO 

1 3u: 

2(1 

7 0,135  10.005) 

(traded 

(1.16 

5 10.3) 

200 

! 

HHll 

2(1 

b 0.133  10.005) 

Sli-p 

0.16 

5 (0.3) 

Nut  avjilahle 

1 3.50 

(i7'»ii  n I'l 

2ii 

14  0.1  35  (0.005) 

Step 

0.16 

3 3 (0.1 1 

Nt»t  avaiiahle 

36.00 

1 15U 

to 

1 0.135(0.005) 

(traded 

0.16 

0.35  (0.(101 ) 

200 

.00 

1 I5() 

6 

1 0.135(0,005) 

(traded 

(1.16 

0.35  (0.001 ) 

200 

0.50 

1151 

U) 

1 0.135(0  1)05) 

(iraded 

0.16 

0.35  (0.(101 ) 

400 

1.50 

1157 

b 

1 0 1 35  (0.005) 

(traded 

0.16 

0.35  (O.IIOl  ) 

400 

2.00 

1153 

10 

1 0.135  (0.005) 

(traded 

0 20 

0.35  (0.001  ) 

200 

1.50 

1 15X 

1 0 135(0.005) 

( traded 

0.20 

0.35  (0.001  ) 

200 

2.00 

1 155 

1 0.135(0.005) 

( traded 

0.20 

0.35  (0.001 ) 

400 

2.00 

1154 

6 

1 0.125  (0.005) 

(traded 

0.20 

0.35  (0.001) 

4U0 

2.50 

11)35 

10 

1 0.135  (O.OOS) 

Slep 

O.IS 

0.35  (0.001 ) 

20 

1 .00 

IU3S 

(> 

1 0.135(0,005) 

Slop 

0.18 

0.35  (O.OOI ) 

20 

Ml 

l*rodui  t 
Number 

Mtenuadon, 
dK  m 

Bundle 

Diameter,  fiber 

in.(mni)  Si/e 

Index 

Profile 

Numerieal 

Aperture 

Cable  Outer 
Diameter 
in.  (mm) 

Bandwidth 

MH/,km 

Price 

Meter 

\t  iillililiei 
5l)|ll 

hundlc'N 
jpp  5 

0I)-45(I.I4) 

Sjep 

0.62 

.087  (3.31 ) 

• * 

i 

501  1 

jpp  5 

O.Oh3(l,57) 

Slop 

0.63 

.130  (3.05) 

* • 

5(113 

jpp  5 

0.078(1,4X1  • 

Step 

0.62 

.136  (3.30) 

• • 

t 

501  5 

jpp  5 

0.04113  31)  • 

Step 

0.63 

139  (3.53) 

• • 

•I- 

50 1 5 

jpp  5 

0 045(1.14)  • 

Step 

0.63 

.075  (1.41) 

• « 

f 

*1  iIht  size  mil  ijiven 
"It.imlAidlli  iiol  listed 

I I’liie  In  <|u<>i.itiiiii  only  lint  lenyllis  3(1  in  or  murcl 


I 

t 


4 I il)ci  ComimmiL.iiions.  Im.. 

.''•1  Ijkcsidc  Avi'. 

Oiaiigc,  NJ  U7U50 

I’roclucl  line  meliuJes  |\mi  inullmiude  low-loss  libers 
(■slO  .md  5201  and  a single-mode  tibei  I able  A ! lists 
I be  liliei  ebaiaeleiisiK  s 


s I ibeioplii.  Cable  Coip 
I'  ()  Uox  I4')2 
t ramingliain,  MA  OPOl 

I’rodiiel  line  indiides  low-loss  niullimode  lihets  in 
the  nine  eonrigiirations  listed  in  I able  A4  Ihese  libers 
eonsisl  ol  pine  liised-siliea  erne  and  a liigli  leni|ietaliiie 
opiK.il-cpi.iliu  plasik  eladiling 


I able  A4 

( liaraeterislics  of  l-iber  Comiminiealions  l ibers 

Multimode  l ibers 
-SIO  520 


Matcn.il 

\ttenuation.  dll  'kni 
Nuinl>er  ol  I ibers 

I ilier  Si/c  tiutcr  Diameter,  mm  (m  l 

lacker  Outer  Diameter,  mm  (in  I 
Numerical  .Xperture 
I crminatnins 

lackel  Material 


\ll  plass 
111 ‘a  tSIlO  mil 
1 

9(1  .rr  127 
(il.On.^b  or  (1.005) 

(1.25  (0.009KI 

0.16 

Cleaved  Hal  or  wirh 
stainless  steel  Icrrules 

I’olyesler 


■Ml  elass 
1 ■'  1 .06  nm 
1 

9(1  or  122 
I0.00.)6  or  0.0051 

(1.25  (0.009SI 

(1.16 

Cleaved  Hat  or  with 
stainless  steel  lerrules 

I’olyeslet 


.Additional  Loss  Due  to  Jacket,  dlJ/kiri  5 


5 


Index  1’rot‘ile  Step  Step 

Pnce/Meter  54  00  52.25 


Smitle-Mode  l-iber 

1 iher  MjIitiuI 

All  itlass 

Mlcnuaiion.  dH/m 

0.25  a 6.J2.S  mm 

index  Profile 

Step 

Numcrk;il  Aperture 

0.10  to  0.1  2 

Len^tii.  m 

75  to  1000 

1 iber  Outer  Duineter.  #4m  (in  ) 

40  fiin  10.0016) 

( ore  1)1.1  meter.  *iin 

2.5 

Option. il  l.iiket  M.ileri;il 

Polyester 

Jjikel  Ontei  Ot.iineler.  mm  (m  ) 

0.25  (0.0098) 

1 iber  lenmiution 

Cleaved  Hal 

Pric  e 'Meter 


510.00 


lahk-  \4 

Charai  tcrislics  of  Fiberoptic  ( able  Fibers 


SimploN  ( ahU’  Kii^^oli/cil  Slll)|>l(‘^  ( ihU*  KuggcUi/cJ  DupIcN  ( jMc 


01  1 10 

t.i  1 7 5 

01  ’ 10 

0>K  1 10 

OIK  7 5 

0 1 K 7 D> 

02K  1 D) 

02K  7 5 

02  K 7 io 

StiiuK’i  •»» 

< ‘tl.ilMli'lv 

1 

1 

( 

J 

1 

1 

> 

2 

2 

Niiinlx't  i*f  1 ihct^ 
( lunncl 

1 

7 

7 

I 

7 

7 

I 

7 

7 

1 ilH*t  ( -rro  l>i.imctcr. 

mm  iin  i 

o III  Him 

II  I2s  (ooo^i 

0 25  (O  MDO 

(I  25  (M  0|OI 

(I  I 25  Ml  (Ml5| 

0 25  Ml  Him 

i»  25  Ml  OlO) 

(1  1 25  (0  OOSj 

M 25  lO  M|m| 

Hun. lie  l»i.imetcf . 
mm  (in  i 

0 2^  Ml  oho 

n .KX  Ml  Ml  5» 

o 75  (O.iOio 

0 25  (0  0101 

11.175  Ml  Ml  5) 

(1  75  ((|  (HIM 

2 * 25 
(2  • olm 

2 . 175 

(2  ■ 0|5| 

2 ' -5 
(2  • o5oi 

M.iMinum  \Menu.tii.m 
• H2»‘  mm.  ilH  l.m 

20 

so 

40 

20 

50 

40 

20 

50 

40 

( lunrici  l\«>|jlitvn 

> 

loo  dH 

•10(1  dlt 

100  dH 

Imlcx  Pr->lile 

Step 

Slep 

Step 

Slop 

Step 

Slep 

Step 

Slep 

Step 

VuitK^TUjI  \pcMurc 

0 2< 

0 25 

0 25 

0 25 

0 25 

0 25 

0 25 

0.25 

0 25 

\»^ei'tjnt.c  ( «>ne 
1 ull  Nnicle 

24 

24 

24 

24 

24 

24 

24 

24 

24 

< ore  lnJe\  <>t 
KeiTjs  hon 

1 45 

I 45 

I 45 

1 45 

I 45 

1 45 

1 45 

1 45 

1.45 

K.nlijiion  lijrdne^'. 
rjdun'. 

Do 

107 

Di7 

Dl7 

HI" 

l()7 

11(7 

107 

107 

PjIv  l)isper\i<m. 
nsci  km 

Hi 

4n 

50 

1(1 

4o 

50 

50 

40 

50 

M.ixiinuin  ( ontiniiou% 
< jHle  1 en|£»h,  km 

1 

I 

1 

I 

I 

1 

I 

1 

1 

1j  kei  Mjterul 

11>  trel* 

H\  trel* 

H>  trel* 

llytrel*  ' 
kevlat* 

H\  trel* 
Kevlat  • 

H>lrel* 

Kevlar* 

H\  Uel*. 
Kevlar* 

Mvuel* 

Kevlar* 

H>  trel* 
Kevlar  * 

Outer  ( jHle  |>uineler 
min  tm  r 

2 5 ( |om 

2 5 ( ]M0| 

2.5  ( DNM 

( ISO) 

5.75  t-150i 

3,75  I 150) 

5 S.7S 
(.20  X 55) 

5 ;>  M.75 
(.20  X .551 

5 X H,7S 
( 20  * 55l 

M.iximum  ( ^hle 
N^cu'ht  k^'km 

6 

7 5 

DM) 

7 

H 

1 1 

15 

18.5 

25.5 

(einperalure  Kanire. 
( 

50  to  *l5t> 

50  to  O 50 

50  to  0 50 

50  to  ♦150 

50  to  ♦ISO 

50  to  *150 

50  to +150 

50  to  *150 

50  (0  *150 

letiMle  I Odd. 

1 

1 

I 

25 

25 

25 

45 

45 

45 

Sfaximum  bend 
Kadiux,  Lin  On  1 

2 5 0 <0 

500  2i 

5 5 0 4| 

2 5 0,01 

3.0  0 2) 

5.5  0 4i 

5.0  0 2) 

5.5  0 4i 

4 0 0 61 

Piite/Melei 

S 1 65 

5 4 (Ml 

S 4 50 

S 1 75 

S 4 20 

S 4.75 

S 5,50 

$ 8.50 

S 20  15 

Minimum  Order 

5 75  oo 

SDMI  INI 

SDMI  (HI 

St  00.00 

St  50.00 

SI  50  (10 

$150.1Hi 

S2(M)  (10 

S200,00 

* i rjdeiiurk  of  DuPont  ( tnporjtion . 
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(v  (lalilco  l•le^.tr^)■Op(ll.■s  ( iitf) 

(ijIiIco  I'ark 

Snitlnidgc.  MA  0I5IX 

1’iodui.l  line  includes  five  categories  of  tihcrs  lot 
various  toinnuinicalions  distances  as  shown  below 

a (lalilc  I (M)U  I to  ,!7  in 

b ( lalite  21)01)  d?  lo  7()  ni 

c.  (.able  3000  70  lo  330  in 

d (iaiiic  4000:  330  lo  550  in 

e.  (ialile  5000.  550  in 

In  addilioii.  standard  conncclors  lor  liber  ends  are 
ollercil,  these  connectors  can  include  eilliei  a silicon 
photodiode  or  an  1.1  I),  or  liybrid  Iransiniller  or  re- 
ceiver modules  can  be  in  the  connectors. 

(iahte  loot)  and  2000  libers  can  be  supplied  with 
eithei  a llaine-retaidant  I’VC  jacket  (type  I’)  or  a liigli 
low  temperature  Tel/el  jacket  (type  I ).  (iahte  3000. 
4000.  and  5000  libers  can  be  supplied  with  either  ol 
these  jackets  or  with  a multiple  jacketing  with  streng- 
thening inembers  ( type  S) 


(iahte  KXIOaiid  20(K)  libers  are  multiliher  bundles 
coniaitiing  212  libers,  whereas  the  3000.  4000.  and 
5000  lyjres  can  he  supplied  in  singlc-liber . seven-strand, 
or  l>)-slrarul  conliguialioris  I able  \5  stimniari/es  the 
characteristics  ol  all  live  liber  categories 

lnleiiialion.il  I ibei  Oplus 
( Division  ol  1 1<  I ( oip  I 
7(isi)  ( Onvoy  ( oin i 
Box  KO.SI  7 

.San  Diego.  ( A ‘)213b 

Product  line  includes  polymei  optical  libers  with 
step  index.  I hese  libers  use  a jrolyslyrene  core  with  a 
linn  claddingofinelhylmelhacrylale  and  can  he  supplied 
either  singly  oi  m bundles  m the  loim  ol  light  lines, 
image  guides,  read  heads,  liber  optic  ribbons,  etc  In 
addition  lo  the  line  ol  libers,  a line  ol  ■‘oH-lhe-shell" 
fiber  optic  communications  links  are  oliered  which  can 
transmit  and  reconstruct  analog  as  well  as  digital  signals 

Bulk  fibers  are  available  in  diameters  ol  005,  .010, 
.020.  .030.  040.  .050.  and  .()(s0  m.  (0  127.  0 2^4. 
0.501s,  .0.7(>2.  1.016,  1.270,  1.524  mm).  Other  si/es 
can  be  made  on  special  order.  Table  .\6  summari/es 
the  liber  characteristics. 


Table  A 5 

Characteristics  of  (lalite  I'ibers 


type 

1000 

2000 

3000 

4(K)0 

5000 

Attenuation,  ilH/  km 

6.S0 

i5l) 

60 

30 

III 

Nuin^HT  ot  1 ibcfN 

212 

212 

1 . 7,  19 

1.7,  14 

1,  7.  14 

1 iber  Si/c  Outer 
Diameter,  mm  (in.) 

0.06« 

I0.00.il 

I).(I6K 

(O.OOi) 

0.1  10 
10.004) 

0.125 
(0  005) 

0.125 

(0,005) 

Numerical  .Aperture 

0.66 

0.66 

0.4K 

0.35 

0.2 

Humlic  Diameter, 
min  (in  ) 

1.14 
(0  ll4?i( 

1.14 

111.045) 

Nol 

available 

Nol 

available 

Not 

available 

Pncc/Meter* 

Sn.ii  to 

Jl  7I** 

50.66  lo 
52.20'* 

50.75  lo 
54.N5'‘ 

51.25  lo 
56  17*' 

Nol 

availalde 

•for  I OOtl-m  quantities 

••I’lice  dejientls  on  nuinhei  ol  IiIh-is  jh-i  hunille  and  lyjH-  ol  laelrelini' 


.SIM 

1 loclrii  Oplitjl  l’ti)(.liii,ls  Division 
l‘l.iiil.iiioii  Ro.ul 
Ho\  7()<.S 

Kojiiokc.  \' \ :4ll)‘l 

I’ouliivt  lull-  iiuliulos  loss  .iiul  iiiviliuiii  loss  lil'i-is 
■iiui  s.il'lc  ( jhlos  sjii  luivo  Olio.  SIX,  ss'voii,  oi  l'(  lihois 
111  Jilslitioii  to  tlhors,  oplio.il  libor  digil.il  lotiiiiiuls  .iiid 


oplioal  liboi  analog  loniiinals  arc  asailahio  on  sposi.il 
oidoi  toi  nulsing  up  conipicio  ooniinnnitatioiis  links 
Ilio  digital  link  issapabic  ol  2'  nicgahiis/sco  and  inpuls 
ind  oiilpuls  arc  iransisloi  liansisloi  logk  I I II  I com 
paliblo  ssilli  an  aniplilndc  togenoialed  oiiipiil  also  pio- 
vidcd  I lio  analog  loiininals  have  one  ssideband  and 
isvo  nairosvbaiid  oliannels  ssiili  liospioiisV  inodiilation 
(I  Ml  inniliploxing  used  lo  enable  a single  opiieal 
sliamiel  lo  eafr>  the  ihree  analog  ehannels.  I able 
piesenis  the  nominal  vliaiaeleiislies  ol  the  opiual 
libers 


I able  Ab 

( haracleristies  of  Internalionul  hiber  Optics  l-'ibers 


UicniiJtion 

\ .1  klH'm  'J  H(M>  mm 

SufiuTical  aperture  .58 

( aUlog 

Diameter. 

Single-SpiM>l 

N u m ber 

in.  Imin) 

Price  KKIuril  k 

Sfinns 

1)  nn.s  (0.1 27) 

S 1.20  ( V44i 

51MUO 

(UllO  (().2.S4) 

2.50  ( X 201 

50(»^0 

().o2n  (II.5IIH) 

6.00  ( )9.6V) 

o.o.b)  (0.762) 

I7.(l(l(  55.77) 

5(H  i40 

(1  04(1  (1 .016) 

2K.0()(  41. K6) 

5)HlSO 

O.O.So  ( 1 270) 

6000  (146  «5) 

0 060  ( 1 .5241 

40.()0  (245, 2h) 

d.  Valles 

LlesUo-l  iberoptiss  Division 

West  Boylslon. '1  A Olss.s 

I’rodusl  line  in  -ludes  both  a high  loss  cable  and  loss- 
loss  cables  lor  coiniminicalions  links  in  addilion  lo  liber 
oplic  data  links  using  conneclors  ssiili  I I Ds  and  pliolo- 
deleclors  Medical  liber  optics,  light  guides,  scanneis. 
ilhiniinalois,  and  other  special-purpose  equipineni  are 
also  ollered.  I able  AM  shosss  the  characlerislics  ol  the 
siplical  libers 

10.  Welch  Allyn,  Inc. 

Skanealeles  halls,  NA  I ,h|  5,i 

1‘roducl  line  includes  slep-index  plastic  monolila- 
nienl  liber  optics  in  addition  lo  medical  liber  opiics. 
liic  plaslic  libers  are  m the  high-loss  classitication  and 
use  an  aciylic  cladding  and  polystyrene  core. 


Fable  A7 

Characteristics  of  I FT  Fibers 


type 

Material 

type 

Allenuatiun, 

UK/km 

Numcncil 

Aperture 

Index 

Profile 

1 iher  Diameter, 
mmtin.) 

.Sum  her 
of  1 ihers 

Price 

Meter 

PS  501 

iMusIk  -claiJ 

Miica 

50 

0.25 

Slep 

0.1  25<i  to  005) 

7 or  14 

56  to  5I0* 

k 

1 

PS  501  1 

IM.islk  -cl.ul 

Silk  j 

50 

0 25 

Step 

0.1  250  (0.005) 

6 

Not  jvailahle 

l.S  201 1 

Not  available 

14 

0.25 

Step 

0 1250(0005)1 

6 

$4  io5l2** 

* t 

PS-0540 

l*l.tstk-cla(l 

Mika 

40 

0.25 

Step 

Not  available 

1 

51 

^ 1 

l,SJl2  10 

1 toped  Mika 

K 

0 25 

Step 

Not  available 

1 

52t 

'Pine  depends  on  jaskel. 

•'Pine  depends  on  conlipuratlon. 
f S.t/m  lor  streniilhened  cal’le. 

2R 


► 


1.1  hi.-  AH 

( haract.Tistii's  of  Vallcc  l-ibers 


1 ihcr  ly|H’ 

1 ovs 

1 «>u  l.<m 

i .o.-  M iKMul 

1 lint  I’l.isN 

l*UU‘  1 IINi-il  Mill 

< l.itlilinr 

St  iii.i  ImiG 

ri.iNiit 

Jh  kii) 

4(MI 

40 

Nuincn«..il 

\porturo 

(t 

O.Ml 

1 ibvr  ( 
Duiincior. 
in  (Him) 

0 IMI2  (.(ISI  1 

0.006  (0.1  52l 

MunJIc  lh.imL*icr. 
in  (inm) 

III  5i.  i)M).  or 
(145  (0  .181 . 

(I  7(>>.  1 14^1 

\A* 

).K  ket 

H\  iri’l 

livtrcl 

I'ruG 

Noi  AA.iil.ibIc 

•(  .in  l>i*  Mi|»plicd  m ^ahlcN  «•!  mu’  j»>  40  lihcrs  ilcpcmlinji  on 


flic  liber  cliaraLtcnstics  ate  as  lullows: 

Altenuatioii  approx.  40  pereetil  'll 
liiainelei  .002  lo  ..f’.S  in  (0.051  lo  H.255  iimil 
(can  be  supplied  m any  diameier  wilbin  the  taupe ) 

Nuiiieiical  .Aperliite  5H 

Coie/Claddmg  Ratio  HO  percent 

Jackelinp  Polyethylene  (available  on  special  tc- 
tpiesl) 

Piicinp  I'.xaniples'  .005  in.  (0  127  mini  diaineler 
noii)acketed  at  S.fO  lor  10.000  It 
(.504H  ml. 

O.UJ  111.  (0  7f)2  mm)  diameter 
tioniacketed  at  S50  (or  2.000  It 
((ilO  ml 

III  ad.lilion  lo  the  U S.  companies  listed  above,  op- 
tical tibets  lot  communications  are  also  inamilaclutcd 
bs  loieipii  companies,  includmp  the  lollowmp 


I I Pllklllploll  liios  I id 

Keseaicb  and  Development  Ijboiaiones 
Uillioin  Oiniskiik.  I ancasliire 
1 40  s tl 
I upland 

Inloim.ition  on  piodiicl  line  is  iioi  av.iil.ibic 

I 2 K.iiik  I’iceisiiin  Indusliies.  Iiu  . 

Kepiescni.ilive  hii  Rank  ( Iplics 
200  1 l.ncinlls  1 aiie 
Leeds  I SS  ^OS 
I upland 

Product  line  includes  various  cable  sonlipui.iiions 
ol  a liipli-loss  (400  dlf  kml  multiliber  cable 

I .V  SlIioII  Optical  (ilass.  Iik 
Representatives  lot 
Jenaer  Glasweik  .Schott  i (ien  Mam/ 
Hallenbergsit  10 
West  Germany 

Product  line  mcludesa  .^00-dR  km  mullilibei  bundle 

14.  Nippon  l lectric  Go..  I.id 
NLt  Building 
,LL|  Shiba  Gochome 
Mlnaio-ku 
loky.i.  I O.S.  Japan 

Product  line  includes  Sl  l LOG.  a vll-lociisinp. 
praded-inde.x  fiber  witb  low-loss  rating 


APPENDIX  B; 

INTERACTION  OF  NUCLEAR 
RADIATION  WITH  MATTER 


While  the  exact  mechanisms  of  the  interaction  ot 
the  various  types  of  nuclear  radiation  with  matter  is  a 
complicated  subject  beyond  the  scope  of  this  tepoil. 
some  general  miormation  is  uselul  in  mteipreiing  the 
results  presented  in  the  litetaUire  l oi  puiposesol  this 
report,  it  is  convenient  to  classily  riucle.it  radi.ilion 
into  four  general  categories 

I Heavy  charged  particles  (e.g..  protons  |p|.  deu- 
lerorts  (d| . tritons  |t|  .and  alpha  particles  |o|  I 

2.  Light  charged  particles  (eg.,  clecirons  |e)  or 
beta  particles  |d|  I 


.10 


I t.imiii.i  i.iVN  ( ■>  ( jiul  \ i.iv ->  ( X I 
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4 No^ltn>M^  ( II I 

Ot  iIk'  M'vcr.il  inter, Klions  ivliitli  liejv\  ehar^ted  pat 
lielos  have  with  matlci,  llte  eonirihiitiuii  ol  niieleai 
itaiiMmilatuin  is  ncjiligihle  1 he  eonlnhiition  ol  niieleai 
eolliMoiis  IS  also  iiej;li(;ih)e  eonipaied  sviili  that  ot  loiii 
/alion  aiul  exeitalioii  t'oi  tins  type  ol  railialioii  (It 
might  he  notes!,  hossevci.  llial  lot  lission  piodiisls,  the 
mieleai  eolhsions  ate  nnpoilani  inleraelions  I I oi  the 
most  pan  the  ehargeil  panicles  inleraei  primarily  ssiih 
the  ( oiilomh  liekis  of  the  atomic  eleslrons.  resiillmg 
in  excitation  oi  lom/alion  Because  their  mass  is  rela 
lisely  large  compared  with  that  o!  an  electron,  the  path 
ot  the  heavy  charged  particles  passing  Ihtoiigh  matter 
ilepends  on  the  mass  and  charge  ol  the  particle  Since 
the  langes  ol  heavy  charged  panicles  are  comparatively 
shoii.  they  are  not  important  in  leims  ol  external 
radiation,  hovsevei.  it  they  arise  within  the  liher  mater- 
ial iisell  (eg.  as  the  result  ol  neiilion  interaction I. 
these  particles  can  cause  consuleiahle  damage 

Ills'  niletaclions  ot  electrons  with  matter  diller 
Ironi  those  ol  the  heavy  charged  parlisles  in  that  they 
are  not  chaiacleii/cd  by  llie  slraiglitlme  pallerii  and 
detinue  langes  associated  with  the  heavy  charged  parti- 
cles I his  IS  due  to  collision  with  the  atomic  electrons 
or  with  the  nuclei  ol  the  absorbing  material.  I nergelic 
elections  (beta  particles  il  they  are  ol  nuclear  origin) 
iriteiacl  with  matter  principally  by  the  lollownig 
piocesses 

1 I lastic  collisioti 

2 Inelastic  collision  (excitation  and  lotii/ation) 
Ills'  electrons  which  are  released  m the  primary  loni/a- 
lion  process  are  olten  given  large  eneigies  and  produce 
additional  (secondary  I lonii'ation  while  dissipating  the 
eiieigy 

.1.  Brenisslrahluing  (braking  radiation).  According 
to  classical  electroinagnelic  theory,  when  electrons  are 
,icceleialed,  ,is  the  result  ol  an  inelastic  collision,  they 
tadiale  eiieigy  in  the  lorm  ot  continuous  X-ray  emission. 

{laiiima  lays  and  X-rays  diller  only  in  then  origins. 
(<amma  lays  result  (roin  nuclear  reactions,  whereas 
X rays  originate  in  interactions  with  atomic  electrons, 
(lamma  rays  and  X-rays  interact  with  matter  primarily 
ihioiigh  three  mechanisms 

I I'lioioeleciric  ellect  In  the  photoelectric  eflect. 
a photon  interacts  with  an  atom  to  transfer  all  of  its 


energy  to  an  eleciion.  usually  one  in  the  innermost 
shell.  In  the  jirocess.  the  photon  disappears  and  the 
electron  is  elected  trom  the  atom  with  kinetic  eneigy 
eipial  to  the  gamma  eneigy  minus  the  binding  eneigy 
When  the  outer  shell  elections  I'lll  the  lower  energy 
levels,  one  or  more  characteristic  X-rays  are  emitted, 
w ith  the  total  energy  being  equal  to  the  bindingenergy  . 

2.  Compton  effect  I he  Compton  ellect  can  be  con- 
sidered as  an  elastic  collision  between  the  gamma  lay 
photon  and  an  individual  orbital  electron  Alter  the 
collision  with  the  piimaiy  photon,  the  recoil  election 
(lelerred  to  as  a Compton  election)  and  the  scaticred 
photon  (a  secotidaty  photon  with  lowet  eneigy)  move 
oil  III  such  a manner  as  to  conseive  energy  and  momen- 
tum. I he  C ompton  scattering  results  m a change  ol 
direction  of  the  photon  and  a reduction  in  its  energy 
Ihe  gamma  energy  is  reduced  by  such  scatterings,  and 
eventually  the  photoelectric  effect  lakes  place.  I he 
Compton  effect  becomes  important  for  gamma  energies 
o(  about  0.1  MeV  and  up 

f.  Pair  production.  In  pan  production,  there  is  com- 
plete absorption  of  Ihe  primary  photon  in  Ihe  vicimiy 

01  a nucleus  and  the  pioduclion  ol  a posilion-elei.lroii 
pair  Since  a posilron-eleciron  pair  has  a rest  mass  ot 

2 iiiiie^  (1.022  MeV),  where  ittn  is  (he  electron  rest 
mass  and  c is  the  speed  of  light,  the  primaty  photon 
must  have  at  least  this  energy,  with  any  excess  energy 
going  into  the  kinetic  energy  of  the  positron  and  elec- 
tron I venlually.  the  positron  undergoes  annihilalion 
with  a negative  election,  both  particles  then  disappear 
and  their  mass  is  convened  into  the  energy  of  a pan  ol 
0.5 1 .MeV  photons. 

I he  iiileraclion  ol  neutrons  with  matter  is  quite  dil 
terent  from  either  charged  particles  or  gamma  rays. 
Since  neutrons  are  uncharged,  they  mieiaci  with  nuclear 
forces  rather  than  C oulombic  forces  of  either  the  orbi 
lal  electrons  or  nuclei,  in  contiasi.  nucleai  reactions 
play  only  a iiimoi  part  in  the  itiieiaciion  ot  charged 
particles  and  gamma  rays  with  matter.  Ihe  reaction  ot 
a neutron  with  a nucleus  results  m the  torniation  ot  a 
compound  nucleus  in  an  excited  state  I he  exciialion 
eneigy  of  Ihe  iieuiton  I including  the  kinetic  and  binding 
energy)  is  distributed  among  the  various  constituents 
of  Ihe  nucleus.  Ihe  compound  nucleus  remains  in  the 
excited  stale  for  a short  time,  the  excess  energy  may 
then  be  emitted  by  any  of  several  niiclens  reactions, 
the  probabilities  of  which  depend  on  the  aiiionni  ol  ex 
citation  energy  and  Ihe  location  of  eneigy  levels  in  the 
compound  and  product  nuclei,  (onsequeiilly.  the 
probability  for  each  type  of  absorption  process  depends 
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on  ilio  ot  ihe  in>.ulcnl  iK'iiUoii  .iiiJ  llic  compoM 

Moil  ol  llu;  in.ik'ii.il  Situo  the  intotacliuii  ol  tiiMilioiis 
vMlIi  m.itlc'i  ilcpciids  on  llicir  ciifigy,  noiilroiis  jic 
iisiulU  i.lassiln.kl  acLOKling  to  ilieir  ciRTpics  as  hemp 
llieimal.  cpillieiinal,  oi  Iasi  I liese  teims  reptescnl 
hioad  ralliei  iiulefmiie  ranpes  ol  neulton  enerpies. 

I hetinal  neulions  arc  those  svhieh  slow  down  to  lltetinal 
eqmlihinnn  willi  then  suiioiitidinps  I hey  have  tonphly 
a Maswelhan  ihsirihution  ol  veloeilies  At  room  temp 
etatttre  I JO  ( I.  the  tlieiinal  neirtions  have  an  aveiape 
kitieti^  enerpy  ol  0 0 !s  eV.  which  corresponds  to  a 
neulton  selotily  ol  ,'.’00  m se^ 

1 pitheimal  neulrons  aie  those  which  aie  helween 
ihetmal  and  last  Ihe  lower  Innil  on  the  Iasi  nenlion 
pionps  IS  mote  ot  less  aihilrary  . hiil  is  ollen  taken  to 
he  ahoul  1 00  keV 

Iheie  are  several  mechanisms  hy  which  neutrons 
mieract  with  mailer 

1 1 lasiic  scatlermp  In.n)  * I’locesses  m which  neii 
Irons  are  reemilled  are  releireil  to  as  scatlermp  proces 
ses  .Svallerinp  is  cla  silied  as  inelasltc  or  elastic  depend- 
mp  on  whelhei  the  nucleus  is  leli  in  an  excited  ot 
unexcited  stale  alter  the  neulron  emission. 

In  the  elastic  collision,  there  is  a simple  Iranslet  ol 
kinetic  enerpy  Iroiti  the  neulron  to  the  nucleus  wiltioiil 
exciimp  II . so  that  this  ly  pe  ol  mieraclion  is  not  acconi 
pained  hy  paninia  radiation  I lastic  scalleimp  can  occiii 
with  neulions  ol  all  enerpies  and  any  nucleus  Ihe 
smaller  the  nucleus,  the  ptealet  the  liaclion  ol  enerpy 

II  can  receive  I heoielically,  the  enure  kinetic  enerpy 
ol  a neulton  could  he  itansletted  lo  a hydtopeti  nucle- 
us I proton  l III  a sniple  head-on  collision 

2 Inelastic  collision  In.n).  In.iiyl.  oi  In.Jnl  In  this 
case,  a neulron  mieracis  with  a nucleus  and  Itatislers 
some  ol  Its  kiiielic  enerpy  lo  the  nucleus  leavmp  it  m 
an  excited  state  I his  mieraclion  is  eneipelically  pos- 
sible only  lot  last  neulions  In  the  (n.nyl  reaction,  the 
nucleiic  lelurns  lo  its  pround  slate  hy  eniissioii  ot  a 
paiiinia  ray  In  the  lii.nl  reaction,  the  nucleus  letnams 
in  a nielasiahle  si.ile  Ihe  (n.Jn)  piocess  can  occur  lor 
neulrons  with  incident  eneipy  ol  III  MeV  or  hiplier 


*ll  IS  customary  to  alihrrvijtr  ihc*  nuclear  reaction  in  tlte 
lorm  la. hi  where  a lepiesrnls  Ihe  incoinine  particle  and  h 
lepiesents  the  ouIiioiiik  product 


' Kadiaiive  capiuie  oi  simple  capture  In.yl  In 
this  reaction,  the  compound  nucleus  achieves  siahihly 
hy  emission  ol  pamma  ladiation  called  capture  gamma 
rays  Hits  leaclioti  is  mote  prohahle  with  iheirnal  and 
epithermal  neulrons  ll  is  prohahly  the  most  common 
ol  all  reactions, wince  thermal  neulions  induce  this  re- 
action 111  nearly  all  nuclides 

4 ('harped  particle  election  I n ,p).  (n.d  I.  ( n ,l  1. 1 n.u l 
etc  In  this  type  ol  re.iclion.a  neulton  is  ahsoihed  uid 
a chaiped  p.iilide  eieded  le  p . piolon,  dculeion.  tii 
Ion,  Ol  .ilpha  p.nliclcl  Ihc  icsidu.il  nucleus  is  ol icn  in 
.111  esc  Med  slate  .nid  eiiiils  ihc  excess  encipv  .is  p.unui.i 
i.idi.ilion  One  miei.iclion  ol  p.iilicule  note  is 

pIM  r ll'  • I i'  + Q 

.“s  l ission  (n.ll  In  a lission  reaction,  a neulion  is 
ahsoihed  and  Ms  compound  nucleus  splits  into  two  lis- 
sion  Irapmenls  and  one  ot  more  neutrons.  This  mletac- 
lion  IS  restricted  to  a small  numher  ol  nucleus  species 
I ission  occurs  with  ihcimal  neutrons  in  and  with 
Iasi  neulrons  m several  heavy  nuclides 

It  should  he  noted  that  the  cross  section  (the  pioha- 
hihly  ol  a particular  ly(ie  ol  mieraclion  occurtmpl 
depends  on  the  energy  ol  the  neulron.  olten  m a very 
complicated  mannei.  as  well  as  the  type  ot  larpei 
nucleus 

While  It  IS  not  essential  loi  the  scope  ol  this  lepoil 
lo  desciihe  the  exact  mechanisms  hy  which  these  mlei- 
actions  ol  nuclear  radiation  with  matter  mieileie  with 
Ihe  normal  operation  ol  optical  liher  commumcalion 
systems,  it  is  importani  lo  leali/e  that  nuclear  ladiation 
can  and  does  interact  with  optical  llhers. 


APPENDIX  C: 

ADDITIONAL  ORGANIZATIONS 
PERFORMING  OR  RESPONSIBLE  FOR 
DOD  SPONSORED  R&D 


(iovernment  agencies (m  addition  to  those  mentioned 
m Ihe  text)  either  responsihle  lor  or  perlorminp  1)01)- 
sponsored  K&U  are 

I Advanced  Kesearch  Fro|ects  •\pcncy 
2.  Air  Force  .Avionics  Ijhoralory 
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' \ir  I otco  r.iMilniilfio  Rc’scaicli  l..ihotalotics 


I Alt  I oRislics  ( Dtp 


4 Alt  I OKI- Ollico  ol  Scicnlilii.  KcNoarch 
' Alt  1 oiic  Woapoiis  1 abotalDty 
(1  Di  k’iiso  CoiniminkaliiMis  Ai:eni.> 

7 IVliMiv.'  Niu.lcar  Aficiicy 

I  lu'i^ty  Kt'scau'li  aiul  Dcvclopmcnl  Agi'iKy 
‘I  Jol  I’lopiilMOM  1 jhoiatoiy 

lU  Nalioiul  Acruiijulici  and  Spacf  Adimiiislralioii 

II  Nalional  SocuiitN  A(jciu.y 

Id.  Naval  Air  Dovciopinciit  ( enter 
I 3 Naval  Alt  Systems  ('ominand 
14  Naval  Aviotiies  ( aeillty,  Indianapolis 
15.  Naval  I leetronie  Systems  Cominand 

III  Naval  Material  Command 

I 7.  Naval  Oeeanonrapliic  OITiee 

I H Naval  Sea  Systems  Commanu 

|k  Naval  I ndersea  ( enter 

do.  Naval  1 'tideiwater  Systems  Center 

dl  Naval  Weapons  ( enter 

dd  Noilli  Amctiean  Ait  Delense  Command 


d.  Aitlim  I)  l.ittle.  ItK 
.(  Hallell'’ Columbus  Caboratoiies 
4 Calilotnia  Institute  ol  Teelmology 
s Calilotnia  Ibiiversily 
b Carnegie-Mellon  llniversily 
7.  Calbolie  Univeisily  ol  .Ameiiea 
X David  .SarnolT  Keseareb  Center 
4.  (ill-,  luiboratories.  Ine. 

10  Harris  Intertype  Corp. 

II.  Hughes  Aircraft  Co. 

Id  IKMCorp 

I.V  IK  I ( orp 

14.  Litton  Industries,  Inc. 

15.  Litton  Systems.  Inc. 

16.  L rV  Aeiospace  Corp. 

17.  Northrop  Corp.  Laboratories 

I K.  Opticom 

Id.  Polytechnic  Institute  of  New  York 

do.  RCA  Research  laboratories 


d.C  Olliceol  Nav.il  Keseaich 
d4  Rome  \ii  DevelopmenI  ( enter 

d5  C S.  Army  Materiel  Development  and  Readiness 
Command 

d6,  U.  S.  .Army  Missile  Command 

11.  U.  S,  .Army  Office  of  Chief  of  Lngincers 

Corporations  (oilier  than  fiber  manufacturers)  and 
imiversiiies  doing  DOD-sponsoted  research  and/or 
developmcnl  work  m liber  optics  are: 


dl.  Rhode  Island  University 
dd.  Specironics,  Inc. 
d.L  Texas  Instruments.  Inc. 
d4  Tiira  lech  Inc, 
dS.  TRW  Systems 

d6.  University  of  California  at  Los  Angeles 
11.  University  of  Illinois 
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